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Last painting by Gilbert Stuart (1828). Considered by the family of 
Bowditch to be the best of various paintings made, although it was unfinished 
when the artist died. 


NATHANIEL BOWDITCH 
(1773-1838) 


Nathaniel Bowditch was born on March 26, 1773, at Salem, Mass., fourth of the 
seven children of shipmaster Habakkuk Bowditch and his wife, Mary. . 

Since the migration of William Bowditch from England to the Colonies in the 
17th century, the family had resided at Salem. Most of its sons, like those of other 
families in this New England seaport, had gone to sea, and many of them became 
shipmasters. Nathaniel Bowditch himself sailed as master on his last voyage, and 
two of his brothers met untimely deaths while pursuing careers at sea. 

It is reported that Nathaniel Bowditch’s father lost two ships at sea, and by late 
Revolutionary days he returned to the trade of cooper, which he had learned in his 
youth. This provided insufficient income to properly supply the needs of his growing 
family, and hunger and cold were often experienced. For many years the nearly 
destitute family received an annual grant of fifteen to twenty dollars from the Salem 
Marine Society. By the time Nathaniel had reached the age of ten, the family’s poverty 
necessitated his leaving school and joining his father in the cooper’s trade. 

Nathaniel was unsuccessful as a cooper, and when he was about 12 years of age, 
he entered the first of two ship-chandlery firms by which he was employed. It was 
during the nearly ten years he was so employed that his great mind first attracted public 
attention. From the time he began school Bowditch had an all-consuming interest in 
learning, particularly mathematics. By his middle teens he was recognized in Salem 
as an authority on that subject. Salem being primarily a shipping town, most of the 
inhabitants sooner or later found their way to the ship chandler, and news of the bril- 
liant young clerk spread until eventually it came to the attention of the learned men 
of his day. Impressed by his desire to educate himself, they supplied him with books 
that he might learn of the discoveries of other men. Since many of the best books 
were written by Europeans, Bowditch first taught himself their languages. French, 
Spanish, Latin, Greek, and German were among the two dozen or more languages 
and dialects he studied during his life. At the age of 16 he began the study of Newton’s 
Principia, translating parts of it from the Latin. He even found an error in that classic, 
and though lacking the confidence to announce it at the time, he later published his 
findings and had them accepted. 

During the Revolutionary War a privateer out of Beverly, a neighboring town to 
Salem, had taken as one of its prizes an English vessel which was carrying the phil- 
osophical library of a famed Irish scholar, Dr. Richard Kirwan. The books were 
brought to the Colonies and there bought by a group of educated Salem men who used 
them to found the Philosophical Library Company, reputed to have been the best 
library north of Philadelphia at the time. In 1791, when Bowditch was 18, two 
Harvard-educated ministers, Rev. John Prince and Rev. William Bentley, persuaded 
the Company to allow Bowditch the use of its library. Encouraged by these two men 
and a third——Nathan Read, an apothecary and also a Harvard man—Bowditch studied 
the works of the great men who had preceded him, especially the mathematicians and 
the astronomers. By the time he became of age, this knowledge, acquired before and 
after his long working hours and in his spare time, had made young Bowditch the out- 
standing mathematician in the Commonwealth, and perhaps in the country. 
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In the seafaring town of Salem, Bowditch was drawn to navigation early, learning 
the subject at the age of 13 from an old British sailor. A year later he began studying 
surveying, and in 1794 he assisted in a survey of the town. At 15 he devised an almanac 
reputed to have been of great accuracy. His other youthful accomplishments included 
the construction of a crude barometer and a sundial. 

When Bowditch went to sea at the age of 21, it was as captain’s writer and nominal 
second mate, the officer’s berth being offered him because of his reputation as a scholar. 
Under Captain Henry Prince, the ship Henry sailed from Salem in the winter of 1795 
on what was to be a year-long voyage to the Ile de Bourbon (now called Tle de la 
Réunion) in the Indian Ocean. 

Bowditch began his seagoing career when accurate time was not available to the 
average naval or merchant ship. A reliable marine chronometer had been invented 
some 60 years before, but the prohibitive cost, plus the long voyages without opportunity 
to check the error of the timepiece, made the large investment an impractical one. A 
system of determining longitude by “lunar distance,” a method which did not require 
an accurate timepiece, was known, but this product of the minds of mathematicians 
and astronomers was so involved as to be beyond the capabilities of the uneducated 
seamen of that day. Consequently, ships navigated by a combination of dead reckon- 
ing and parallel sailing (a system of sailing north or south to the latitude of the destina- 
tion and then east or west to the destination). 

To Bowditch, the mathematical genius, computation of lunar distances was no 
mystery, of course, but he recognized the need for an easier method of working them 
in order to navigate ships more safely and efficiently. Through analysis and observa- 
tion, he derived a new and simplified formula during his first trip, a formula which was 
to open the book of celestial navigation to all seamen. 

John Hamilton Moore’s The Practical Navigator was the leading navigational 
text when Bowditch first went to sea, and had been for many years. Early in his 
first voyage, however, the captain’s writer-second mate began turning up errors in 
Moore’s book, and before long he found it necessary to recompute some of the tables 
he most often used in working his sights. Bowditch recorded the errors he found, 
and by the end of his second voyage, made in the higher capacity of supercargo, the 
news of his findings in The Practical Navigator had reached Edmund Blunt, a publisher 
at Newburyport, Mass. At Blunt’s request, Bowditch agreed to correct Moore’s 
book. The first edition of The New Practical Navigator was published in 1799, with 
correction of the errors Bowditch had found to that time, and with some additional 
information. The following year a second edition was published with additional 
corrections. Bowditch eventually found more than 8,000 errors in the work, however, 
and it was finally decided to completely rewrite the book and to publish it under his 
own name. In 1802 the first edition of The New American Practical Navigator by 
Nathaniel Bowditch was published, and his vow to put nothing in the book he could 
not teach every member of his crew served to keep the work within the understanding 
of the average seaman. In addition to the improved method of determining longitude, 
Bowditch’s book gave the ship’s officer information on winds, currents, and tides; 
directions for surveying; statistics on marine insurance; a glossary of sea terms; 
instruction in mathematics; and numerous tables of navigational data. His simplified 
methods, easily grasped by the intelligent seaman willing to learn, paved the way for 
“Yankee” supremacy of the seas during the clipper ship era. 

Two months before sailing for Cadiz on his third voyage, in 1798, Bowditch married 
Elizabeth Boardman, daughter of a shipmaster. While he was away, his wife died at 
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the age of 18. Two years later, on October 28, 1800, he married his cousin, Mary 
Ingersoll, she, too, the daughter of a shipmaster. They had eight children. 

Bowditch made a total of five trips to sea, over a period of about nine years, his last 
as master and part owner of the three-masted Putnam. Homeward bound from a 13- 
month voyage to Sumatra and the Ile de France (now called Mauritius) the Putnam 
approached Salem harbor on December 25, 1803, during a thick fog without having 
had a celestial observation since noon on the 24th. Relying upon his dead reckoning, 
Bowditch conned his wooden-hulled ship to the entrance of the rocky harbor, where he 
had the good fortune to get a momentary glimpse of Eastern Point, Cape Ann, enough 
to confirm his position. The Putnam proceeded in, past such hazards as “Bowditch’s 
Ledge” (named after a great-grandfather who had wrecked his ship on the rock more 
than a century before) and anchored safely at 1900 that evening. Word of the daring 
feat, performed when other masters were hove-to outside the harbor, spread along the 
coast and added greatly to Bowditch’s reputation. He was, indeed, the ‘practical 
navigator.”’ 

His standing as a mathematician and successful shipmaster earned him a lucrative 
(for those times) position ashore within a matter of weeks after his last voyage. He 
was installed as president of a Salem fire and marine insurance company, at the age 
of 30, and during the 20 years he held that position the company prospered. In 1823 
he left Salem to take a similar position with a Boston insurance firm, serving that 
company with equal success until his death. 

From the time he finished the “Navigator” until 1814, Bowditch’s mathematical 
and scientific pursuits consisted of studies and papers on the orbits of comets, applica- 
tions of Napier’s rules, magnetic variation, eclipses, calculations on tides, and the chart- 
ing of Salem harbor. In that year, however, he turned to what he considered the 
greatest work of his life, the translation into English of Mécanique Céleste, by Pierre 
Laplace. Mécanique Céleste was a summary of all the then known facts about the 
workings of the heavens. Bowditch translated four of the five volumes before his 
death, and published them at his own expense. He gave many formula derivations 
which Laplace had not shown, and also included further discoveries following the 
time of publication. His work made this information available to American astronomers 
and enabled them to pursue their studies on the basis of that which was already known. 
Continuing his style of writing for the learner, Bowditch presented his English version 
of Mécanique Céleste in such a manner that the student of mathematics could easily 
trace the steps involved in reaching the most complicated conclusions. 

Shortly after the publication of The New American Practical Navigator, Harvard 
College honored its author with the presentation of the honorary degree of Master 
of Arts, and in 1816 the college made him an honorary Doctor of Laws. From the 
time the Harvard graduates of Salem first assisted him in his studies, Bowditch had a 
great interest in that college, and in 1810 he was elected one of its Overseers, a position 
he held until 1826, when he was elected to the Corporation. During 1826-27 he was 
the leader of a small group of men who saved the school from financial disaster by 
forcing necessary economies on the college’s reluctant president. At one time Bow- 
ditch was offered a Professorship in Mathematics at Harvard but this, as well as 
similar offers from West Point and the University of Virginia, he declined. In all his 
life he was never known to have made a public speech or to have addressed any large 
group of people. 

Many other honors came to Bowditch in recognition of his astronomical, math- 
ematical, and marine accomplishments. He became a member of the American 
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Academy of Arts and Sciences, the East India Marine Society, the Royal Academy of 
Edinburgh, the Royal Society of London, the Royal Irish Academy, the American 
Philosophical Society, the Connecticut Academy of Arts and Sciences, the Boston 
Marine Society, the Royal Astronomical Society, the Palermo Academy of Science, 
and the Royal Academy of Berlin. 

Nathaniel Bowditch outlived all of his brothers and sisters by nearly 30 years. 
Death came to him on March 16, 1838, in his sixty-fifth year. The following eulogy 
by the Salem Marine Society indicates the regard in which this distinguished American 
was held by his contemporaries: 

“In his death a public, a national, a human benefactor has departed. Not this 
community, nor our country only, but the whole world, has reason to do honor to his 
memory. When the voice of Eulogy shall be still, when the tear of Sorrow shall cease 
to flow, no monument will be needed to keep alive his memory among men; but as long 
as ships shall sail, the needle point to the north, and the stars go through their wonted 
courses in the heavens, the name of Dr. Bowditch will be revered as of one who helped 
his fellow-men in a time of need, who was and is a guide to them over the pathless 
ocean, and of one who forwarded the great interests of mankind.” 

The New American Practical Navigator was revised by Nathaniel Bowditch several 
times after 1802 for subsequent editions of the book. After his death, Jonathan 
Ingersoll Bowditch, a son who made several voyages, took up the work and his name 
appeared on the title page from the eleventh edition through the thirty-fifth, in 1867. 
In 1868 the newly organized U. S. Navy Hydrographic Office bought the copyright 
and has published the book since that time, revisions being made from time to time 
to keep the work in step with navigational improvements. The name has been 
altered to the American Practical Navigator, Hydrographic Office Publication No. 9, 
but the book is still commonly known as ‘‘Bowditch.’”’ A total of more than 700,000 
copies has been printed in about 70 editions during the more than a century and a 
half since the book was first published in 1802. It has lived because it has combined 
the best thoughts of each generation of navigators, who have looked to it as their final 
authority. 


PREFACE 


This epitome of navigation has been maintained since its initial publication in 
1802. The account of its origin, immediate success, and perpetuation appears so 
inseparable from the accomplishments of its original author, Nathaniel Bowditch, 
that it has been included in the life résumé of this illustrious navigator and author. 

In this extensively revised edition, the U.S. Navy Hydrographic Office has included 
timely information consistent with modern practices and techniques. The text has 
been completely rewritten. Since a primary objective has been to provide a reference 
publication, some duplication exists, cross-referencing is extensive, and the index is 
detailed. All illustrations are new. Color has been added where it serves a useful 
purpose. Practice problems have been included with some chapters. Selected 
references have been given where complete coverage would be inappropriate. 

The appendix has been enlarged, and the table arrangement improved. Certain 
tables of previous editions have been omitted, some of those retained have been altered, 
and new ones have been added. 

The intent of the original author to provide a compendium of navigational material 
understandable to the mariner has been consistently followed. However, navigation 
is not presented as a mechanical process to be followed blindly. Rather, emphasis 
has been given to the fact that the aids provided by science can be used effectively to 
improve the art of navigation only if a well-informed person of mature judgment and 
experience is on hand to interpret information as it becomes available. Thus, the facts 
needed to perform the mechanics of navigation have been supplemented with addi- 
tional material intended to help the navigator acquire perspective in meeting the 
various needs that arise. 

Many institutions, organizations, groups, and individuals have assisted in the 
preparation of this publication, but all of the material has been edited by one individual 
to assure continuity and consistency. Particular acknowledgment is given the follow- 
ing: Mr. Charles L. Petze, Jr. for assistance in preparation of chapter I; the U. S. 
Navy Bureau of Ships for information relating to chapters VI and VII; the U. S. Naval 
Research Laboratory for review of part three; the U. S. Naval Observatory for infor- 
mation relating to chapter XIV and for suggestions relating to appendices F, H, I, and 
X; the Corps of Engineers of the U. S. Army for assistance in preparation of chapter 
XXVII; the U. S. Coast and Geodetic Survey of the Department of Commerce for 
preparation of chapter XXXI, and for providing information on geomagnetism and 
data for appendix M and most of table 5; the U. S. Weather Bureau for assistance in 
preparation of part seven and tables 16 and 17; the National Bureau of Standards of the 
Department of Commerce for assistance in preparation of appendix D; the U. S. Naval 
Institute for permission to use modified versions of work forms published in Dutton’s 
Navigation and Nautical Astronomy (copyrighted 1943, 1948, 1951); the U. S. Power 
Squadrons for suggestions relating to the graph of article 924 for height of tide determi- 
nation, navigation of small craft (art. 2310), and table 3; and many individuals, espe- 
cially experienced practicing navigators, who have offered constructive suggestions or 


directed attention to errors in previous editions. 
t 


PREFACE TO THE 1962 REPRINT 


This 1962 corrected reprint has presented the opportunity to incorporate new and 
timely information. Adoption by the United States of new equivalents for length and 
mass and of new values for absolute zero necessitated a major revision of Appendix D. 
Minor corrections to tables 6, 11, 17,20,21, and the text, resulting from these changes, have 
been made. Hydrographic Office publication numbers now conform to the numbering 
system in use since 1960. The sections relating to air navigation publications and 
space navigation have been rewritten. The revised Loran-A coverage diagram includes 
all rates operational in 1961. Appendix S, Maritime Positions, now includes revised 
material for Africa as well as several new ports. 

In addition to the correction of errors published in errata sheets for the 1958 edition, 
other minor unpublished ones have been corrected. Editorial changes have provided 
clarification of certain parts of the text and some illustrations have been modified to 
present information more clearly. All appendices now carry their numerical or al- 
phabetical designation at the top of each page. A list of contents now immediately 
precedes each part of the volume. 

For practical navigation, the additions, corrections, and revisions incorporated in 
this reprint are not considered to be of sufficient scope and magnitude to necessitate 
replacement of the 1958 printing. 

H.O. Pub. No. 9—Tables, including 1 through 34, is now available as a separate 
volume entitled “Tables from the American Practical Navigator—Bowditch.”’ 


PREFACE TO THE 1966 CORRECTED PRINT 


This printing includes modifications and minor corrections to the previous 1962 
printing. Appendix K has been revised so that it conforms to the nautical chart 
symbols listed in the September 1963 edition of Chart No. 1. The text, references, 
appendices, and index have been modified to reflect recent changes in United States 
Government publications. 


The change in the name of the U.S. Navy Hydrographic Office to U.S. Naval 
Oceanographic Office has not been indicated in this print. 

The modifications and corrections incorporated in this 1966 print are not considered 
sufficient to warrant replacement of either the 1958 edition or the 1962 corrected print 
for ordinary purposes of navigation. 
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CHAPTER I 
HISTORY OF NAVIGATION 


Introduction 


101. Background.—Navigation began with the first man. One of his first con- 
scious acts probably was to home on some object that caught his eye, and thus land 
navigation was undoubtedly the earliest form. His first venture upon the waters 
may have come shortly after he observed that some objects float, and through curiosity 
or an attempt at self-preservation he learned that a larger object, perhaps a log, would 
support him. Marine navigation was born when he attempted to guide his craft. 
Air navigation by men, of course, came much later. 

The earliest marine navigation was a form of piloting, which came into being as 
man became familiar with landmarks and used them as guides. Dead reckoning 
probably came next as he sought to predict his future positions, or perhaps as he 
bravely ventured farther from landmarks. Celestial navigation, as it is known today, 
had to await acquisition of information regarding the motions of the heavenly bodies, 
although these bodies were used to steer by almost from the beginning. Electronic 
navigation is the modern application of a different form of energy to solve an old 
problem, its principal use being to extend the range of piloting. 

102. From art to science.—Navigation is the process of directing the movements 
of a craft from one point to another. To do this safely is an art. In perhaps 6,000 
years—some writers make it 8,000—man has transformed this art almost into a science, 
and navigation today is so nearly a science that the inclination is to forget that it was 
ever anything else. It is commonly thought that to navigate a ship one must have a 
chart to determine the course and distance, a compass to steer by, and a means of 
determining the positions of the ship during the passage. Must have? The word 
“must”? betrays how dependent the modern navigator has become upon the tools 
now in his hands. Many of the great voyages of history—voyages that made known 
much of the world—were made without one or more of these “essentials.” 

103. Epic voyages.—History records a number of great voyages of varying navi- 
gational significance. Little or nothing is known of the navigational accomplishments 
of the ancient mariners, but the record of the knowledge and equipment used during 
later voyages serves to illustrate periodic developments in the field. 

104. Pre-Christian navigation.—Down through the stream of time a number of 
voyages have occurred without navigational significance. Noah’s experience in the 
ark is of little interest navigationally, except for his use of a dove to locate land. There 
is evidence to support the view that at least some American Indians reached these 
shores by sea, the earliest of several groups probably having come about 2200 BC, 
the approximate time that a general exodus seems to have occurred from a center in 
southwestern Asia. This is about the time the Tower of Babel is believed to have been 
built. It is noteworthy that almost every land reached by the great European explorers 
was already inhabited. 

It is not difficult to understand how a people not accustomed to the sea might make 
a single great voyage without contributing anything of significance to the advancement 
of navigation. Not so clear, however, is the fact that the Norsemen and the Poly- 
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nesians, great seafaring people, left nothing more than conflicting traditions of their 
methods. The reputed length of the voyages made by these people suggests more 
advanced navigational methods than their records indicate, although the explanation 
may be that they left few written accounts of any kind. Or perhaps they developed 
their powers of perception to such an extent that navigation, to them, was a highly 
advanced art. In this respect their navigation may not have differed greatly from that 
of some birds, insects, fishes, and animals. 

One of the earliest well-recorded voyages is known today through the book of ob- 
servations written by Pytheas of Massalia, a Greek astronomer and navigator. Some- 
time between the years 350 BC and 300 BC he sailed from a Mediterranean port 
and followed an established trade route to England. From there he ventured north 
to Scotland and Thule, the legendary land of the midnight sun. He went on to 
explore Norwegian fiords, and rivers in northwest Germany. He may have made 
his way into the Baltic. 

Pytheas’ voyage, and others of his time, were significant in that they were the 
work of men who had no compasses, no sextants, no chronometers, no electronic devices 
such as are commonplace today. The explanation of how they did it is not what 
some historians have said, that before seafaring men had adequate equipment, the 
compass especially, they hugged the shore and sailed only by daylight in fair weather. 
Many undoubtedly did use this practice. But the more intrepid did not creep along 
the coast, venturing nothing more daring than sailing from headland to headland. 
They were often out of sight of land, and yet knew sufficiently well where they were 
and how to get home again. They were able to use the sun, the stars, and the winds 
without the aid of mechanical devices. 

Pytheas had none of the equipment considered essential by the modern navigator— 
none, at least, as it is thought of today. It would be incorrect, however, to say 
that he had no navigational aids whatever. He was not the first to venture upon the 
sea, and even in his time man was the inheritor of his predecessors’ knowledge. 

He must have known what the mariners of his time, Phoenician and Greek, knew 
about navigation. There was a fair store of knowledge about the movements of the 
stars, for example, which all seafaring men shared. They had a practical grasp of 
some part of what is now called celestial navigation, for the moving celestial bodies 
were their compasses. Pytheas may not have been acquainted with the Periplus of 
Scylax, the earliest known sailing directions, but it is reasonable to suppose that he had 
similar information. 

If there were sailing directions, there may well have been charts of a sort, even 
though no record of them exists. 

Even if Pytheas and his contemporaries had sailing directions and charts, these 
must have been far from comprehensive, and they undoubtedly did not cover the 
areas north of Britain. But these early seamen knew direction by day or night if the 
sky was clear, and they could judge it reasonably well when the sky was overcast, using 
the wind and the sea. They knew the hot Libyan wind from the desert—today called 
the sirocco—and the northern wind, the mistral. 

They could estimate distance. Their ships must have carried some means of 
measuring time—the sand glass was known to the ancients—and they could estimate 
speed by counting the strokes of the oars, a common practice from galley to modern 
college racing shell. Mariners who spent their lives traveling the Mediterranean knew 
what their ships could do, even if today it is not known what they meant by “a day’s 
sail’’—whether 35 miles, or 50, or 100. 

105. Sixteenth century navigation.—Progress in the art of navigation came slowly 
during the early centuries of the Christian era, all but stopped during the Dark Ages, 


HISTORY OF NAVIGATION 17 


and then spurted forward when Europe entered a golden age of discovery. The 
circumnavigation of the globe by the expedition organized by Ferdinand Magellan, 
a disgraced Portuguese nobleman who sailed under the flag of Spain, was a voyage 
which illustrates the advances made during the 1,800 years following Pytheas. 

Magellan was able to find justification for his belief that a navigable pass to the 
Pacific Ocean existed in high southern latitudes, in Martin Behaim’s globe or chart of 
the world, in the globe constructed by Johann Schoner of Nuremberg in 1515, and in 
Leonardo da Vinci’s map of the world drawn in the same year. He obtained further 
information for his voyage from Ruy Faleiro, an astronomer and cartographer whose 
charts, sailing directions, nautical tables, and instructions for use of the astrolabe and 
cross-staft were considered to be among the best available. Faleiro was also an advocate 
of the fallacious methods of determining longitude by variation. 

When Magellan sailed in 1519, his equipment included sea charts, parchment skins 
to be made into charts en route, a terrestrial globe, wooden and metal theodolites, 
wooden and wood-and-bronze quadrants, compasses, magnetic needles, hour glasses 
and “timepieces,” and a log to be towed astern. 

So the 16th century navigator had crude charts of the known world, a compass to 
steer by, instruments with which he could determine his latitude, a log to estimate speed, 
certain sailing directions, and solar and traverse tables. The huge obstacle yet to be 
overcome was an accurate method of determining longitude. 

106. Eighteenth century navigation.—Little is known today of the ‘‘timepieces”’ 
carried by Magellan, but surely they were not used to determine longitude. Two hun- 
dred years later, however, the chronometer began to emerge. With it, the navigator, for 
the first time, was able to determine his longitude accurately and fix his position at sea. 

The three voyages of discovery made by James Cook of the Royal Navy in the 
Pacific Ocean between 1768 and 1779 may be said to mark the dawn of modern nav- 
igation. Cook’s expedition had the full backing of England’s scientific organiza- 
tions, and he was the first captain to undertake extended explorations at sea with 
navigational equipment, techniques, and knowledge that might be considered modern. 

On his first voyage Cook was provided with an astronomical clock, a “journeyman” 
clock, and a watch lent by the Astronomer Royal. With these he could determine 
longitude, using the long and tedious lunar distance method. On his second voyage 
four chronometers were provided. These instruments, added to those already pos- 
sessed by the mariner, enabled Cook to navigate his vessels with a precision undreamed 
of by Pytheas and Magellan. 

By the time Cook began his explorations, astronomers had made great contribu- 
tions to navigational advancement, and the acceptance of the heliocentric theory 
of the universe had led to the publication of the first official nautical almanac. Charts 
had progressed steadily, and adequate projections were available. With increased 
understanding of variation, the compass had become reliable. Good schools of 
navigation existed, and textbooks which reduced the mathematics of navigation to 
the essentials had been published. Speed through the water could be determined with 
reasonable accuracy by the logs then in use. Most important, the first chronometers 
were being produced. 

107. Twentieth century navigation.—The maiden voyage of the SS United States 
in July 1952 served to illustrate the progress made in navigation during the 175 years 
since Cook’s voyages. Outstanding because of its record trans-Atlantic passage, 
the vessel is of interest navigationally in that it carried the most modern equipment 
available and exemplified the fact that navigation had become nearly a science. 

Each of the deck officers owned a sextant with which he could make observations 
more accurately than did Cook. Reliable chronometers, the product of hundreds of 
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years of experimental work, were available to determine the time of each observation. 
The gyro compass indicated true north regardless of variation and deviation. 

Modern, convenient almanacs were used to obtain the coordinates of various 
celestial bodies, to an accuracy greater than needed. Easily used altitude and azimuth 
tables gave the navigator data for determining his Sumner (celestial) line of position 
by the method of Marcq St.-Hilaire. Accurate charts were available for the waters 
plied, sailing directions for coasts and ports visited, light lists giving the characteristics 
of the various aids to navigation along these coasts, and pilot charts and navigational 
texts for reference Lurposes. 

Electronics served the navigator in a number of ways. Radio time signals and 
weather reports enabled him to check his chronometers and avoid foul weather. A 
radio direction finder was available to obtain bearings, and a radio telephone was used 
to communicate with persons on land and sea. The electrically operated echo sounder 
indicated the depth of water under the keel, radar the distances and bearings of objects 
within range, even in the densest fog. Using loran, the navigator could fix the position 
of his ship a thousand miles and more from transmitting stations. 


Piloting and Dead Reckoning 


108. Background.—The history of piloting and dead reckoning extends from man’s 
earliest use of landmarks to the latest model of the gyro compass. In the thousands 
of years between, navigation by these methods has progressed from short passages 
along known coast lines to transoceanic voyages during which celestial observations 
cannot be, or are not, made. 

109. Charts.—A form of sailing directions was written several hundred years 
before Christ. Although charts cannot be traced back that far, they may have existed 
during the same time. From earliest times men have undoubtedly known that it is 
more difficult to explain how to get to a place than it is to draw a diagram, and since the 
first charts known are comparatively accurate and cover large areas, it seems logical 
that earlier charts served as guides for the cartographers. 

Undoubtedly, the first charts were not made on any “projection” (ch. III) but 
were simple diagrams which took no notice of the shape of the earth. In fact, these 
“plane” charts were used for many centuries after chart projections were available. 

The gnomonic projection (art. 317) is believed to have been developed by Thales 
of Miletus (640-546 BC), who was chief of the Seven Wise Men of ancient Greece; 
founder of Greek geometry, astronomy, and philosophy; and a navigator and cartog- 
rapher. 

The size of the earth was measured at least as early as the third century BC, by 
Eratosthenes. He observed that at noon on the day of the summer solstice, a certain 
well at Syene (Assuan) on the tropic of Cancer was lighted throughout its depth by the 
light of the sun as it crossed the meridian; but that at Alexandria, about 500 miles to 
the north, shadows were cast by the sun at high noon. He reasoned that this was due 
to curvature of the earth, which must be spherical. By means of the shadow of an 
object of known height at Alexandria, Eratosthenes determined the zenith distance to 
be about 7°5, or Ms of the earth’s circumference. The earth must therefore be 48x 
500=24,000 (statute) miles. The correct value is about 24,900 statute miles. 

Kratosthenes is believed to have been the first person to measure latitude, using 
the degree for this purpose. He constructed a 16-point wind rose, prepared a table of 
winds, and recognized local and prevailing winds. From his own discoveries and from 
information gleaned from the manuscripts of mariners, explorers, land travelers, 
historians, and philosophers, he wrote an outstanding description of the known world, 
which helped elevate geography to the status of a science. 
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Stereographic (art. 318) and orthographic (art. 319) projections were originated 
by Hipparchus in the second century BC. 

Ptolemy’s World Map. The Egyptian Claudius Ptolemy was a second century 
AD astronomer, writer, geographer, and mathematician who had no equal in astron- 
omy until the arrival of Copernicus in the 16th century. An outstanding cartographer, 
for his time, Ptolemy constructed many charts and listed the latitudes and longitudes, 
as determined by celestial observations, of the places shown. As a geographer, how- 
ever, he made his most serious mistake. Though Eratosthenes’ calculations on the 
circumference of the earth were available to him, he took the estimate of the Stoic 
philosopher, Posidonius (circa 130-51 BC), who calculated the earth to be 18,000 
miles in circumference. The result was that those who accepted his work—and for 
many hundreds of years few thought to question it—had to deal with a concept that 
was far too small. In 1409 the Greek original of Ptolemy’s Cosmographia, a book in 
which he declared this doctrine, was discovered and translated into Latin. It served 
as the basis for future cartographic work, and so it was that Columbus died convinced 
that he had found a shorter route to the East Indies. Not until 1669, when Jean 
Picard computed the circumference of the earth to be 24,500 miles, was a more accurate 
figure generally used. 

Ptolemy’s map of the world (fig. 109a) was a great achievement, however. It was 
the original conic projection, and on it he located some 8,000 places by latitude and 
longitude. It was he who fixed the convention that the top of the map is north. 

Asian Charts. Through the Dark Ages some progress was made. Moslem 
cartographers as well as astronomers took inspiration from Ptolemy. However, they 
knew that Ptolemy had overestimated the length of the Mediterranean by some 20°. 
Charts of the Indian Ocean, bearing horizontal lines indicating parallels of latitude, 
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Courtesy of the Map Division of the Library of Congress. 


Figure 109a.—The world, as envisioned by Ptolemy about AD 150. This chart was prepared in 
1482 by Nicolaus Germanus for a translation of Cosmographia. 
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Courtesy of the Map Division of the Library of Congress. 
Ficure 109b.—A 14th-century Portolan chart. 


and vertical lines dividing the seas according to the direction of the wind, were drawn 
by Persian and Arabian navigators. The prime meridian separated a windward from 
a leeward region and other meridians were drawn at intervals indicating ‘three hours 
sail.” This information, though far from exact, was helpful to the sailing ship masters. 

Portolan Charts. 'Themariners of Venezia (Venice), Livorno (Leghorn), and Genova 
(Genoa) must have had charts when they competed for Mediterranean trade before, 
during, and after the Crusades. Venice at one time had 300 ships, a navy of 45 galleys, 
and 11,000 men engaged in her maritime industry. But perhaps the rivalry was too 
keen for masters carelessly to leave charts lying about. At any rate, the earliest useful 
charts of the Middle Ages that are known today were drawn by seamen of Catalonia 
(now part of Spain). 

The Portolan charts were constructed from the knowledge acquired by seamen 
during their voyages about the Mediterranean. The actual courses and dead reckon- 
ing distances between land points were used as a skeleton for the charts, and the coasts 
between were usually filled in from data obtained in land surveys. After the compass 
came into use, these charts became quite accurate. Some, for example, indicated the 
distance between Gibraltar and Bayriit (Beirut) to be 3,000 Portolan miles, or 40°5 
of longitude. The actual difference of longitude is 40°8. 

These charts were distinguished by a group of long rhumb lines intersecting at a 
common point, surrounded by eight or 16 similar groups of shorter lines. Later Porto- 
lanis had a rose dei venti (rose of the winds), the forerunner of the compass rose, super- 
imposed over the center (fig. 109b). They carried a scale of miles, located nearly all 
the known hazards to navigation, and had numerous notes of interest to the pilot. 
They were not marked with parallels of latitude or meridians of longitude, but present- 
day harbor and coastal charts trace their ancestry directly to them. 

Padrén Real. The growing habit of assembling information for charts took 
concrete form in the Padrén Real. This was the pattern, or master, map kept after 
1508 by the Casa de Contratacién at Seville. It was intended to contain everything 
known about the world, and it was constructed from facts brought back by mariners 
from voyages to newly discovered lands. From it were drawn the charts upon which 
the explorers of the Age of Discovery most depended. 

World maps of the Middle Ages. In 1515 Leonardo da Vinci drew his famous map 
of the world. On it, America is represented as extending more to the east and west 
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Ficure 109c.—Ortelius’ world map, from his oes aa Orbis Terra, published at Antwerp in 
1 : 


than to the north and south, with only a chain of islands, the largest named Florida, 
between it and South America. A wide stretch of ocean is shown between South 
America and Terra Australis Nondum Cognita, the mythical south-seas continent 
whose existence in the position shown was not disproved until 250 years later. 

Ortelius’ atlas Theatrum Orbis Terra was published at Antwerp in 1570. One of 
the most magnificent ever produced, it illustrates Europe, Africa, and Asia with com- 
parative accuracy. North and South America are poorly depicted, but Magellan’s 
Strait is shown. All land to the south of it, as well as Australia, is considered part of 
Terra Australis Nondum Cognita (fig. 109¢). 

The Mercator projection (art. 305). For hundreds, perhaps thousands, of years 
cartographers drew their charts as ‘plane’ projections, making no use of the discoveries 
of Ptolemy and Hipparchus. As the area of the known world increased, however, the 
attempt to depict that larger area on the flat surface of the plane chart brought map 
makers to the realization that allowance would have to be made for the curvature of 
the earth. 

Gerardus Mercator (Latinized form of Gerhard Kremer) was a brilliant Flemish 
geographer who recognized the need for a better method of chart projection. In 
1569 he published a world chart which he had constructed on the principle since known 
by his name. The theory of his work was correct, but Mercator made errors in his 
computation, and because he never published a complete description of the mathe- 
matics involved, mariners were deprived of the full advantages of the projection for 
another 30 years. 

Then Edward Wright published the results of his own independent study in the 
matter, explaining the Mercator projection fully and providing the table of meridional 
parts which enabled all cartographers to make use of the principle. 
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Wright was a mathematician at Caius College who developed the method and 
table and gave them to certain navigators for testing. After these proved their use- 
fulness, Wright decided upon publication, and in 1599 Certaine Errors in Navigation 
Detected and Corrected was printed. 

The Lambert projections. Johann Heinrich Lambert, 1728-1777, self-educated 
son of an Alsace tailor, designed a number of map projections. Some of these are still 
widely used, the most renowned being the Lambert conformal (art. 314). 

110. Sailing directions.—From earliest times there has been a demand for knowl- 
edge of what lay ahead, and this gave rise to the early development of sailing directions 
(art. 420). 

The Periplus of Scylax, written sometime between the sixth and fourth centuries 
BC, is the earliest known book of this type. Surprisingly similar to modern sailing 
directions, it provided the mariner with information on distances between ports, aids and 
dangers, port facilities, and other pertinent matters. The following excerpt is typical: 

‘Libya begins beyond the Canopic mouth of the Nile. . . . The first people in 
Libya are the Adrymachidae. From Thonis the voyage to Pharos, a desert island 
(good harbourage but no drinking water), is 150 stadia. In Pharos are many harbors. 
But ships water at the Marian Mere, for it is drinkable. . . . The mouth of the bay 
of Plinthine to Leuce Acte (the white beach) is a day and night’s sail; but sailing 
round by the head of the bay of Plinthine is twice as long. . . .” 

Parts Around the World, Pytheas’ book of observations made during his epic voy- 
age in the fourth century BC, was another early volume of sailing directions. His 
rough estimates of distances and descriptions of coast lines would be considered crude 
today, but they served as an invaluable aid to navigators who followed him into these 
otherwise unknown waters. 

Sailing directions during the Renaissance. No particularly noteworthy improve- 
ments were made in sailing directions during the Middle Ages, but in 1490 the Portolano 
Rizo was published, the first of a series of improved design. Other early volumes of 
this kind appeared in France and were called “‘routiers’’—the rutters of the English 
sailor. In 1557 the Italian pilot Battista Testa Rossa published Brieve Compendio del 
Arte del Navigar, which was designed to serve the mariner on soundings and off. It 
forecast the single, all-inclusive volume that was soon to come, the Waggoner. 

About 1584 the Dutch pilot Lucas Jans Zoon Waghenaer published a volume of 
navigational principles, tables, charts, and sailing directions which served as a guide 
for such books for the next 200 years. In Spieghel der Zeevaerdt (The Mariner’s Mir- 
ror), Waghenaer gave directions and charts for sailing the waters of the Low Countries 
and later a second volume was published covering waters of the North and Baltic seas. 

These ‘‘Waggoners” met with great success and in 1588 an English translation of the 
original book was made by Anthony Ashley. During the next 30 years, 24 editions of 
the book were published in Dutch, German, Latin, and English. Other authors 
followed the profitable example set by Waghenaer, and American, British, and French 
navigators soon had “Waggoners” for most of the waters they sailed. 

The success of these books and the resulting competition among authors were 
responsible for their eventual discontinuance. Each writer attempted to make his 
work more inclusive than any other (the 1780 Atlantic Neptune contained 257 charts 
of North America alone) and the result was a tremendous book difficult to handle. 
They were too bulky, the sailing directions were unnecessarily detailed, and the charts 
too large. In 1795 the British Hydrographic Department was established, and charts 
and sailing directions were issued separately. The latter, issued for specific waters, 
were returned to the form of the original Periplus. 
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Modern sailing directions. The publication of modern sailing directions by the 
U. S. Navy Hydrographic Office is one of the achievements properly attributed to 
Matthew Fontaine Maury. During the two decades he headed the institution, Maury 
gathered data that led directly to the publication of eight volumes of sailing directions. 
Today there are more than 65 volumes providing the mariner with detailed informa- 
tion on almost all foreign coasts, in addition to eight volumes of coast pilots of the 
United States and its possessions, published by the U. S. Coast and Geodetic Survey. 

111. The compass.—Early in the history of navigation man noted that the pole 
star (it may have been a Draconis then) remained close to one point in the northern 
sky. This served as his compass. When it was not visible, he used other stars, the 
sun and moon, winds, clouds, and waves. The development of the magnetic compass, 
perhaps a thousand years ago, and the 20th century development of the gyro compass, 
offer today’s navigator a method of steering his course with an accuracy as great as 
he is capable of using. é 

The magnetic compass (art. 623) is one of the oldest of the navigator’s instruments. 
Its origin is not known. In 203 BC, when Hannibal set sail from Italy, his pilot was 
said to be one Pelorus. Perhaps the compass was in use then; no one can say for 
certain that it was not. There is little to substantiate the story that the Chinese 
invented it, and the legend that Marco Polo introduced it into Italy in the 13th century 
is almost certainly false. It is sometimes stated that the Arabs brought it to Europe, 
but this, too, is unlikely. Probably it was known first in the west. The Norsemen 
of the 11th century were familiar with it, and about 1200 a compass used by mariners 
when the pole star was hidden was described by a French poet, Guyot de Provins. 

A needle thrust through a straw and floated in water in a container comprised the 
earliest compass known. A 1248 writer, Hugo de Bercy, spoke of a new compass con- 
struction, the needle “now” being supported on two floats. Petrus Peregrinus de 
Maricourt, in his Epistola de Magnete of 1269, wrote of a pivoted floating compass 
with a lubber’s line, and said that it was equipped with sights for taking bearings. 

The reliability of the magnetic compass of today is a comparatively recent achieve- 
ment. As late as 1820 Peter Barlow reported to the British Admiralty “half of the 
compasses in the Royal Navy were mere lumber, and ought to be destroyed.’ Some 
75 years ago, Lord Kelvin developed the Admiralty type compass used today. 

The compass card, according to tradition, originated about the beginning of the 
14th century, when Flavio Gioja of Amalfi attached a sliver of lodestone or a mag- 
netized needle to a card. But the rose on the compass card is probably older than, the 
needle. It is the wind rose of the ancients. Primitive man naturally named directions 
by the winds. The prophet Jeremiah speaks of the winds from the four quarters of 
heaven (Jer. 49:36) and Homer named four winds—Boreas, Eurus, Notus, and Lephy- 
rus, Aristotle is said to have suggested a circle of 12 winds, and Eratosthenes, who 
measured the world correctly, reduced the number to eight about 200 BC. The 
“Tower of Winds” at Athens, built about 100 BC, had eight sides. The Latin rose 
of 12 points was common on most compasses used in the Middle Ages. 

Variation (art. 709) was well understood 200 years ago, and navigators made 
allowance for it, but earliest recognition of its existence is not known. Columbus and 
even the 11th century Chinese have been given credit for its discovery, but little proof 
can be offered for either claim. 

The secular change in variation was determined by a series of magnetic observa- 
tions made at Limehouse, England. In 1580 William Borough fixed the variation in 
that area at approximately 11°25’ east. Thirty-two years later Edmund Gunter, 
professor of astronomy at Gresham College, determined it to be 6°13’ east. At first 
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it was believed that Borough had made an error in his work, but in 1633 a further de- 
crease was found, and the earth’s changing magnetic field was established. 

A South Atlantic expedition was led by Edmond Halley at the close of the 17th 
century to gather data and to map, for the first time, lines of variation. In 1724 
George Graham published his observations in proof of the diurnal change in variation. 
Canton determined that the change was considerably less in winter than in summer, 
and about 1785 the strength of the magnetic force was shown by Paul de Lamanon to 
vary in different places. 

The existence of deviation (art. 709) was known to John Smith in 1627 when he 
wrote of the “bittacle’” as being a “square box nailed together with wooden pinnes, 
because iron nails would attract the Compasse.’”’ But no one knew how to correct a 
compass for deviation until Captain Matthew Flinders, while on a voyage to Australia 
in HMS Investigator in 1801-02, discovered a method of doing so. Flinders did not 
understand deviation completely, but the vertical bar he erected to correct for it was 
part of the solution, and the Flinders bar (art. 720) used today is a memorial to its 
discoverer. Between 1839 and 1855 Sir George Airy, then Astronomer Royal, studied 
the matter further and developed combinations of permanent magnets and soft iron 
masses for adjusting the compass. The introduction, by Lord Kelvin, of short needles 
as compass magnets made adjustment more precise. 

The gyro compass (art. 631). The age of iron ships demanded a compass which 
could be relied upon to indicate true north at all times, free from disturbing forces of 
variation and deviation. 

In 1851, at the Pantheon in Paris, Leon Foucault performed his famous pendulum 
experiment to demonstrate the rotation of the earth. Foucault’s realization that the 
swinging pendulum would maintain the plane of its motion led him, the following year, 
to develop and name the first gyroscope, using the principle of a common toy called a 
“rotascope.”’ Handicapped by the lack of a source of power to maintain the spin of 
his gyroscope, Foucault used a microscope to observe the indication of the earth’s 
rotation during the short period in which his manually operated gyroscope remained in 
rotation. A gyro compass was not practical until electric power became available, 
more than 50 years later, to maintain the spin of the gyroscope. 

Elmer A. Sperry, an American, and Anschutz-Kampfe, a German, independently 
invented gyro compasses during the first decade of the 20th century. Tested first in 
1911 on a freighter operating off the East Coast of the United States and then on Ameri- 
can warships, Sperry’s compass was found adequate, and in the years following World 
War I gyro compasses became standard equipment on all large naval and merchant 
ships. 

Gyro compass auxiliaries commonly used today were added later. These include 
gyro repeaters, to indicate the vessel’s heading at various locations; gyro pilots, to steer 
vessels automatically; course recorders, to provide a graphic record of courses steered; 
gyro-magnetic compasses, to repeat headings of magnetic compasses so located as to 
be least affected by deviation; and others in the fields of fire control, aviation, and 
guided missiles. 

112. The log.—Since virtually the beginning of navigation, the mariner has 
attempted to determine his speed in traveling from one point to another. The earliest 
method was probably by estimate. 

The oldest speed measuring device known is the Dutchman’s log. Originally, 
any object which would float was thrown overboard on the lee side, from a point well 
forward, and the time required for it to pass between two points on the deck was noted. 
The time, as determined by sand glass, was compared with the known distance along 
the deck between the two points to determine the speed. 
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Near the end of the 16th century a line was attached to the log, and as the line was 
paid out a sailor recited certain sentences. The length of line which was paid out during 
the recitation was used to determine the speed. There is record of this method having 
been used as recently as the early 17th century. In its final form this chip log, ship log, 
or common log consisted of the log chip (or log ship), log line, log reel, and log glass. 
The chip was a quadrant-shaped piece of wood weighted along its circumference to keep 
it upright in the water (fig. 112). The log line was made fast to the log chip by means 
of a bridle, in such manner that a sharp pull on the log line dislodged a wooden peg and 
permitted the log chip to be towed horizontally through the water, and hauled aboard. 
Sometimes a stray line was attached to the log to veer it clear of the ship’s wake. In 
determining speed, the observer counted the knots in the log line which was paid out 
during a certain time. The length of line between knots and the number of seconds 
required for the sand to run out were changed from time to time as the accepted length 
of the mile was altered. 

The chip log has been superseded by patent logs that register on dials. However, 
the common log has left its mark on modern navigation, as the use of the term knot 
to indicate a speed of one nauti- 
cal mile per hour dates from this 
device. There is evidence to 
support the opinion that the 
expression ‘dead reckoning”’ 
had its origin in this same de- 
vice, or perhaps in the earlier 
Dutchman’s log. There is logic 
in attributing ‘dead’ reckon- 
ing to a reckoning relative to 
an object ‘‘dead’”’ in the water. 


Courtesy of ‘Motor Boating.”’ 


. Figure 112.—The common or chip log, showing the log 
Mechanical logs first ap- reel, the log line, the log chip, and the log glass. 


peared about the middle of the 

17th century. By the beginning of the 19th century, the forerunners of modern 
mechanical logs were used by some navigators, although many years were to pass 
before they became generally accepted. 

In 1773 logs on which the distance run was recorded on dials secured to the 
taffrail were tested on board a British warship and found reasonably adequate, although 
the comparative delicateness of the mechanism led to speculation about their long- 
term worth. Another type in existence at the time consisted of a wheel arrangement 
made fast on the underside of the keel, which transmitted readings to a dial inside the 
vessel as the wheel rotated. 

An improved log was introduced by Edward Massey in 1802. This log gave 
considerably greater accuracy by means of a more sensitive rotator attached by a 
short length of line to a geared recording instrument. The difficulty with this log 
was that it had to be hauled aboard to take each reading. Various improvements 
were made, notably by Alexander Bain in 1846 and Thomas Walker in 1861, but it 
was not until 1878 that a log was developed in which the rotator could be used in 
conjunction with a dial secured to the after rail of the ship, and although refinements 
and improvements have been made, the patent log used today is essentially the same 
as that developed in 1878. 

Engine revolution counters (art. 615) had their origin with the observations of 
the captains of the first paddle steamers, who discovered that by counting the paddle 
revolutions, they could, with practice, estimate their runs in thick weather as accurately 
as they could by streaming the log. Later developments led to the modern revolution 
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counter on screw-type vessels, which can be used with reasonable accuracy if the 
propeller is submerged and an accurate estimate of slip is made. 

Pitot-static and impeller-type logs (arts. 613, 614) are recent mechanical develop- 
ments in the field of speed measurement. Each utilizes a retractable “rodmeter”” which 
projects through the hull of the ship into the water. In the Pitot-static log, static and 
dynamic pressures on the rodmeter transmit readings to the master speed indicator. 
In the impeller-type log an electrical means of transmitting speed indications is used. 

113. Units of distance and depth.—The modern navigator is concerned principally 
with three units of linear measure: the nautical mile, the fathom, and the foot (some- 
times also the meter). Primitive man, however, used such natural units as the width of a 
finger, the span of his hand, the length of his foot, the distance from elbow to the tip 
of the middle finger (the eubit of biblical renown), or the pace (sometimes one but 
usually a double step) to measure short distances. 

These ancient measurements varied from place to place, and from person to 
person. One of the first recorded attempts to establish a tangible standard length 
was made by the Greeks, who used the length of the Olympic stadium as a unit called 
a stadium. This was set at 600 Greek feet (607.9 modern U.S. feet), or almost exactly 
one-tenth of a modern nautical mile. The Romans adopted this unit and extended its 
use to nautical and even astronomical measurements. The Roman stadium was 625 
Roman feet, or 606.3 U.S. feet, inlength. This approximates the modern British Navy 
cable of 608 feet. The U.S. Navy cable is 720 feet. 

The origin of the Mediterranean mile of 4,035.43 U:S. feet is attributed to the 
Greeks. The Roman mile of 4,858.60 U.S. feet gradually replaced the shorter Greek 
unit, and was probably the value in use in Palestine when Christ in his Sermon on the 
Mount spoke of the “second mile” (Matt. 5:41). It is probable that the mile was 
given its name by the Romans, since the word is derived from the Latin mille (thou- 
sand). This unit was defined as a thousand paces. However, the Greek unit was 
similarly defined, as was the Arabian mille or mil of 6,000 Arabian feet, equal to 1.03 
nautical miles. 

The nautical mile bears little relation to these land measures, which were not 
associated with the size of the earth. With the emergence of the nautical chart, it 
became customary to show a scale of miles on the chart, and the accepted value of this 
unit varied over the centuries with the changing estimates of the size of the earth. 
These estimates varied widely, ranging from about 44.5 to 87.5 modern nautical miles 
per degree of latitude, although generally they were too small. Columbus and Magellan 
used the value 45.3. Actually, the earth is about 32 percent larger. The Almagest of 
Ptolemy considered 62 Roman miles equivalent to one degree, but a 1466 edition of 
this book contained a chart of southern Asia drawn by Nicolaus Germanus on which 60 
miles were shown to a degree. Whether the change was considered a correction or 
an adaptation to provide a more convenient relationship between the mile and the 
degree is not clear, but this is the earliest known use of this ratio. 

Later, when the size of the earth was determined by measurement, the relation- 
ship of 60 Roman miles of 4,858.60 U.S. feet to a degree of latitude was seen to be 
in error. Both possible solutions to the problem—changing the ratio of miles to a 
degree, or changing the length of the mile—had their supporters, and neither group 
was able to convince the other. As a result, the shorter mile remained as the land or 
statute mile (now established as 5,280 feet in the United States), and the longer 
nautical mile gradually became established at sea. The earliest known reference to 
it by this name occurred in 1730. 

Finer instruments and new methods make increasingly more accurate determina- 
tions of the size of the earth an ever-present possibility. Hence, a unit of length 
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defined in terms of the size of the earth is undesirable. Recognition of this led, in 
1875, to a change in the definition of the meter from one ten-millionth of the distance 
from the pole to the equator of the earth to the distance between two marks (approxi- 
mately 39.37 U. S. inches) on a standard platinum-iridium bar kept at the Pavillon de 
Breteuill at Sevres, near Paris, France, by the International Commission of Weights 
and Measures. In further recognition of this principle, the International Hydrographic 
Bureau in 1929 recommended adoption of a standard value for the nautical mile, and 
proposed 1852 international meters. The length of 1852 meters has not changed, but 
in 1959, U. S. measurements were redefined; the length of one nautical mile was estab- 
lished at 6,076.11549 U. S. feet (approximately). Most major maritime nations now 
use the international value. 

The fathom as a unit of length or depth is of obscure origin, but primitive man 
considered it a measure of the outstretched arms, and the modern seaman still es- 
timates the length of a line in this manner. That the unit was used in early times 
is indicated by reference to it in the detailed account given of the Apostle Paul’s 
voyage to Rome, as recorded in the 27th chapter of the Acts of the Apostles. Posidonius 
reported a sounding of more than 1,000 fathoms in the second century BC. How 
old the unit was at that time is unknown. 

114. Soundings.—Probably the most dangerous phase of navigation occurs when 
the vessel is “on soundings.” Since man first began navigating the waters, the possi- 
bility of grounding his vessel has been a major concern, and frequent soundings have 
been the most highly valued safeguard against that experience. Undoubtedly used long 
before the Christian era, the lead line is perhaps the oldest instrument of navigation. 

The lead line. The hand lead (art. 617), consisting of a lead weight attached to a 
line usually marked in fathoms, has been known since antiquity and, with the exception 
of the markings, is probably the same today as it was 2,000 or more years ago. The deep 
sea lead, a heavier weight with a longer line, was a natural outrowgth of the hand lead. 
A 1585 navigator speaks of soundings of 330 fathoms, and in 1773, in the Norwegian 
Sea, Captain Phipps had all the sounding lines on board spliced together to obtain a 
sounding of 683 fathoms. Matthew Fontaine Maury made his deep sea soundings by 
securing a cannon shot to a ball of strong twine. The heavy weight caused the twine 
to run out rapidly, and when bottom was reached, the twine was cut and the depth 
deduced from the amount remaining on the ball. 

The sounding machine. The biggest disadvantage of the deep sea lead is that the 
vessel must be stopped if depths are to be measured accurately. This led to the develop- 
ment of the sounding machine (art. 618). 

Early in the 19th century a sounding machine similar to one of the earlier patent 
logs was invented. A wheel was secured just above the lead and the cast made in 
such a way that all the line required ran out freely and the lead sank directly to the 
bottom. The motion through the water during the descent set the wheel revolving, 
and this in turn caused the depth to be indicated on a dial. Ships sailing at- perhaps 
12 knots required 20 or 30 men to heave aboard the heavy line with its weight of 50 or 
more pounds after each cast. A somewhat similar device was the buoy sounder. The 
lead was passed through a buoy in which a spring catch was fitted and both were cast 
over the side. The lead ran freely until bottom was reached, when the catch locked, 
preventing further running out of the line. The whole assembly was then brought on 
board, the depth from the buoy to the lead being read. 

The first use of the pressure principle to determine the depth of water occurred 
early in the 19th century when the “Self-acting Sounder” was introduced. A hollow 
glass tube open at its lower end contained an index which moved up in the tube as 
greater water pressure compressed the air inside. The index retained its highest 
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position when hauled aboard the vessel, and its height was proportional to the depth 
of the water. 

The British scientist, William Thomson (Lord Kelvin) in 1878 perfected the 
sounding machine after repeated tests at sea. Prior to his invention, fibre line was 
used exclusively in soundings. His introduction of piano wire solved the problem of 
rapid descent of the lead and also that of hauling it back aboard quickly. The chem- 
ically coated glass tube which he used to determine depth was an improvement of 
earlier methods, and the worth of the entire machine is evidenced by the fact that it 
is still used in essentially the same form. 

Echo sounding. Based upon the principle that sound travels through sea water 
at a nearly uniform rate, automatic depth-registering devices (art. 619) have been 
invented to indicate the depth of water under a vessel, regardless of its speed. In 
1911 an account was published of an experiment performed by Alexander Behm of 
Kiel, who timed the echo of an underwater explosion, testing this theory. High 
frequency sounds in water were produced by Pierre Langevin, and in 1918 he used the 
principle for echo depth finding. The first practical echo sounder was developed by 
the United States Navy in 1922. 

The actual time between emission of a sonic or ultrasonic signal and return of its 
echo from the bottom, the angle at which the signal is beamed downward in order 
that its echo will be received at another part of the vessel, and the phase difference 
between signal and echo have all been used in the development of the modern echo 
sounder. 

115. Aids to navigation—The Cushites and Libyans constructed towers along the 
Mediterranean coast of Egypt, and priests maintained beacon fires in them. These 
were the earliest known lighthouses. At Sigeum in the Troad (part of Troy) a light- 
house was built before 660 BC. One of the seven wonders of the ancient world was the 
lighthouse called the Pharos of Alexandria, which may have been more than 200 feet 
tall. It was built by Sostratus of Cnidus (Asia Minor) in the third century BC, during 
the reign of Ptolemy Philadelphus. The word ‘“‘pharos” has since been a general 
term for lighthouses. Some time between 1584 and 1611 the light of Cordouan, the 
earliest wave-swept lighthouse, was erected at the entrance to the Gironde river in 
western France. An oak log fire illuminated this structure until the 18th century. 

Wood or coal fires were used in the many lighthouses built along the European 
and British coasts in the 17th and 18th centuries. One of these, the oak pile structure 
erected by Henry Whiteside in 1776 to warn shipmasters of Small’s Rocks, subse- 
quently played a major role in navigational history, as it was this light which figured 
in the discovery of the celestial line of position by Captain Thomas Sumner some 60 
years later (art. 131). 

In England such structures were privately maintained by interested organizations. 
One of the most famous of these groups, popularly known as ‘Trinity House,” was 
organized in the 16th century, perhaps earlier, when a “‘beaconage and buoyage”’ fee 
was levied on English vessels. This prompted the establishment of Trinity House ‘‘to 
make, erect, and set up beacons, marks, and signs for the sea” and to provide vessels 
with pilots. The organization is now in its fifth century of operation, and its chief 
duties are to serve as a general lighthouse and pilotage authority, and to supply pilots. 

The first lightship was a small vessel with lanterns hung from its yardarms. It 
was stationed at the Nore, an estuary in the Thames River, England, in 1732. 

The pilot’s profession is not much younger than that of the mariner. The Bible 
relates (1 Kings 9:27) that Hiram of Tyre provided pilots for King Solomon. The 
duties of these pilots are not specified. In the first century AD, fishermen of the 
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Gulf of Cambay, India, met seagoing vessels and guided them into port. It is probable 
that pilots were established in Delaware Bay earlier than 1756. 

Seafaring people of the United States had erected lighthouses and buoys before 
the Revolutionary War, and in 1789 Congress passed legislation providing for federal 
expansion of the work. About 1767 the first buoys were placed in the Delaware 
River. These were logs or barrels, but about 1820 they were replaced with spar 
buoys. In that same year, the first lightship was established in Chesapeake Bay. 

As the maritime interests of various countries grew, more and better aids to 
navigation were made available. In 1850 Congress prescribed the present system of 
coloring and numbering United States buoys (app. J). Conformity as to shape resulted 
from the recommendations of the International Marine Conference of 1889. The second 
half of the 19th century saw the development of bell, whistle, and lighted buoys, and 
in 1910 the first lighted buoy in the United States utilizing high pressure acetylene 
apparatus was placed in service. Stationed at the entrance to Ambrose Channel in 
New York, it provided the basis for the high degree of perfection which has been 
achieved in the lighted buoy since that time. The complete buoyage system main- 
tained by the U. S. Coast Guard today is chiefly a product of the 20th century. In 
1900 there were approximately 5,000 buoys of all types in use in the United States, 
while today there are more than 20,000. 

116. The sailings.—The various methods of mathematically determining course, 
distance, and position arrived at have a history almost as old as mathematics itself. 
Thales, Hipparchus, Napier, Wright, and others contributed the formulas that led to 
the tables permitting computation of course and distance by plane, traverse, parallel, 
middle-latitude, Mercator, and great-circle sailings. 

Plane sailing (art. 813). Based upon the assumption that the surface of the earth 
is plane, or flat; this method was used by navigators for many centuries. The navi- 
gator solved problems by laying down his course relative to his meridian, and stepping 
off the distance run to the new position. This system is used with accuracy today 
in measuring short runs on a Mercator chart, which compensates for the convergence 
of the meridians, but on the plane chart, serious errors resulted. Early navigators 
might have obtained mathematical solutions to this problem, with no greater accuracy, 
but the graphical method was commonly used. 

Traverse sailing (art. 814). Because sailing vessels were subject to the winds, 
navigators of old were seldom able to sail one course for great distances, and conse- 
quently a series of small triangles had to be solved. Equipment was designed to help 
seamen in maintaining their dead reckoning positions. The modern rough log evolved 
from the log board, hinged wooden boards that folded like a book and on which courses 
and distances were marked in chalk. Each day the position was determined from this 
data and entered in the ship’s journal, today’s smooth log. 

The log board was succeeded by the travas, a board with lines radiating from the 
center in 32 compass directions. Regularly spaced along the lines were small holes 
into which pegs were fitted to indicate time run on the particular course. In 1627 
John Smith described the travas as a “little round board full of holes upon lines like 
the compasse, upon which by the removing of a little sticke they (seamen) keepe an 
account, how many glasses (which are but halfe houres) they steare upon every point 
of the compasse.”’ 

These devices were of great value to the navigator in keeping a record of the 
courses and distances sailed, but still left him the long mathematical solutions necessary 
to determine the new position. In 1436 what appears to have been the first traverse 
table was prepared by Andrea Biancho. Using this table of solutions of right-angled 
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plane triangles, the navigator was able to determine his course and distance made good 
after sailing a number of distances in different directions. 

Parallel sailing (art. 815) was an outgrowth of the navigator’s inability to deter- 
mine his longitude. Not a mathematical solution in the sense that the other sailings 
are, it involved converting the distance sailed along a parallel (departure), as deter- 
mined by dead reckoning, into longitude. 

Middle-latitude sailing (art. 816). The inaccuracies involved in plane sailing led 
to the improved method of middle-latitude sailing early in the 17th century. A 
mathematician named Ralph Handsen is believed to have been its inventor. 

Middle-latitude sailing is based upon the assumption that the use of a parallel 
midway between those of departure and arrival will eliminate the errors inherent in 
plane sailing due to the convergence of the meridians. The assumption is reasonably 
accurate and although the use of Mercator sailing usually results in greater accuracy, 
middle-latitude sailing still serves a useful purpose. 

Mercator sailing (art. 817). Included in Edward Wright’s Certaine Errors in 
Navigation Detected and Corrected, of 1599, was the first published table of meridional 
parts, which provided the basis for the most accurate of rhumb line sailings—Mercator 
sailing. 

Great-circle sailing (art. 819). For many hundreds of years mathematicians have 
known that a great circle is the shortest distance between two points on the surface 
of a sphere, but it was not until the 19th century that navigators began to regularly 
make use of this information. 

The first printed description of great-circle sailing appeared in Pedro Nunes’ 
1537 Tratado da Sphera. The method had previously been proposed by Sebastian 
Cabot in 1498, and in 1524 Verrazano sailed a great-circle course to America. But the 
sailing ships could not regularly expect the steady winds necessary to sail such a course, 
and their lack of knowledge concerning longitude, plus the necessity of stopping at islands 
along their routes to take supplies, made it impractical for most voyages at that time. 

The gradual accumulation of knowledge concerning seasonal and prevailing winds, 
weather conditions, and ocean currents eventually made it possible for the navigator 
to plan his voyage with more assurance. Nineteenth century writers of navigational 
texts recommended the use of great-circle sailing, and toward the close of that century 
such sailing became increasingly popular, particularly in the Pacific. 

The mathematics involved in great-circle sailing may be tedious, but the use of 
the gnomonic projection in locating points along the great-circle track has simplified 
the-method. 

117. Hydrographic offices.—The practice of recording hydrographic data was 
centuries old before the establishment of the first official hydrographic office, in 1720. 
In that year the Depot des Cartes, Plans, Journaux et Memoirs Relatifs a la Navi- 
gation was formed in France with the Chevalier de Luynes in charge. The Hydro- 
graphic Department of the British Admiralty, though not established until 1795, has 
played a major part in European hydrographic work. 

The U. S. Coast and Geodetic Survey was originally founded when Congress, in 
1807, passed a resolution authorizing a survey of the coast, harbors, outlying islands, 
and fishing banks of the United States. On the recommendation of the American 
Philosophical Society, President Jefferson appointed Ferdinand Hassler, a Swiss immi- 
grant who had founded the Geodetic Survey of his native land, the first Director of 
the “Coast Survey.” 

The approaches to New York were the first sections of the coast charted, and from 
there the work spread northward and southward along the eastern seaboard. In 1844 
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the work was expanded and arrangements made to chart simultaneously the Gulf and 
East Coasts. Investigation of tidal conditions began, and in 1855 the first tables of 
tide predictions were published. The California gold rush gave impetus to the survey 
of the West Coast, which began in 1850, the year California became a State. The 
survey ship Washington undertook investigations of the Gulf Stream. Coast pilots, - 
or sailing directions, for the Atlantic coast of the United States were privately published 
in the first half of the 19th century, but about 1850 the Survey began accumulating 
data that led to federally produced coast pilots. The 1889 Pacific Coast Pilot was 
an outstanding contribution to the safety of West Coast shipping. 

Today the U. S. Coast and Geodetic Survey, as it has been called since 1878, 
provides the mariner with the charts and coast pilots of all waters of the United States 
and its possessions, and tide and tidal current tables for much of the world. 

U. S. Navy Hydrographic Office. In 1830 the U.S. Navy established a “Depot of 
Charts and Instruments” in Washington, D.C. Primarily, it was to serve as a store- 
house where such charts and sailing directions as were available, together with naviga- 
tional instruments, could be assembled for issue to Navy ships which required them. 
Lieutenant L. M. Goldsborough and one assistant, Passed Midshipman R. B. Hitch- 
cock, constituted the entire staff. 

The first chart published by the Depot was produced from data obtained in a 
survey made by Lieutenant Charles Wilkes, who had succeeded Goldsborough in 1834, 
and who later earned fame as the leader of a United States exploring expedition to 
Antarctica. 

From 1842 until 1861 Lieutenant Matthew Fontaine Maury served as Officer- 
in-Charge. Under his command the office rose to international prominence. Maury 
decided upon an ambitious plan to increase the mariner’s knowledge of existing winds, 
weather, and currents. He began by making a detailed record of pertinent matter 
included in old log books stored at the Depot. He then inaugurated a hydrographic 
reporting program among shipmasters, and the thousands of answers received, along 
with the log book data, were first utilized to publish the Wind and Current Chart 
of the North Atlantic of 1847. The United States instigated an international con- 
ference in 1853 to interest other nations in a system of exchanging nautical information. 
The plan, which was Maury’s, was enthusiastically adopted by other maritime nations, 
and is the basis upon which hydrographic offices operate today. 

In 1854 the Depot was redesignated the “U. S. Naval Observatory and Hydro- 
graphical Office,” and in 1866 Congress separated the two, broadly increasing the 
functions of the latter. The Office was authorized to carry out surveys, collect informa- 
tion, and print every kind of nautical chart and publication, all “for the benefit and 
use of navigators generally.”’ 

One of the first acts of the new Office was to purchase the copyright of The New 
American Practical Navigator. Several volumes of sailing directions had already been 
published. The first Notice to Mariners appeared in 1869. Daily broadcast of naviga- 
tional warnings was inaugurated in 1907, and in 1912, following the sinking of the 
SS Titanic, Hydrographic Office action led to the establishment of the International 
Ice Patrol. 

The development by the U. S. Navy of an improved depth finder in 1922 made 
possible the acquisition of additional information concerning bottom topography. 
During the same year aerial photography was first employed as an aid in chart making. 
The Hydrographic Office published the first chart for lighter-than-air craft in 1923. 
Aerial geomagnetic surveys were instituted in 1953 to provide magnetic information 
for ocean areas. Since World War II various electronic means have been employed 
to improve and extend surveys. 
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Meanwhile, numerous books have been published to assist the mariner and aviator 
in the solution of celestial observations. The initials ““H.O.” preceding a publication 
number are familiar to most navigators. 

The International Hydrographic Bureau is an organization whose purpose is to 
encourage world-wide uniformity in hydrographic procedures. From the time of the 
International Marine Conference, held at Washington, D. C. in 1889, a need for such 
an organization was felt, and in 1919, at the Conference held in London, a French 
proposal for the establishment of such a body was adopted by delegates from the 24 
nations represented. The International Hydrographic Bureau, located at Monaco, has 
since served as a coordinating agency for hydrographic work throughout the world. 

118. Navigation manuals.—Although navigation is as old as man himself, naviga- 
tion textbooks, as they are thought of today, are a product of the last several centuries. 
Until the end of the Dark Ages such books, or manuscripts, as were available were 
written by astronomers for other astronomers. The navigator was forced to make use 
of these, gleaning what little was directly applicable to his profession. After 1500, 
however, the need for books on navigation resulted in the publication of a series of 
manuals of increasing value to the mariner. 

Sizteenth century manuals. Frequently a command of Latin was required to study 
navigation during the 16th century. Regimento do estrolabio e do quadrante (fig. 130a), 
which was published at Lisbon in 1509, or earlier, explained the method of finding 
latitude by meridian observations of the sun and the pole star, contained a traverse table 
for finding the longitude by dead reckoning, and listed the longitudes of a number of 
places. Unfortunately, the author made several errors in transcribing the declination 
tables published by Abraham Zacuto in 1474, and this resulted in errors being made for 
many years in determining latitude. Nevertheless, the nameless writer of the Regimento 
performed a great service for all mariners. His ‘“‘Handbook for the Astrolabe and 
Quadrant’’—to translate the title—had many editions and many emulators. 

In 1519 Fernandez de Encisco published his Suma de Geographia, the first Spanish 
manual. The book was largely a translation of the Regimento, but new information 
was included, and revisions were printed in 1530 and 1546. 

The Flemish mathematician and astronomer R. Gemma Frisius published a book 
on navigation in 1530. ‘This manual, entitled De Principiis Astronomiae, gave an 
excellent description of the sphere, although the astronomy was that of Ptolemy, and 
discussed at length the use of the globe in navigation. Gemma gave courses in terms 
of the principal winds, proposed that longitude be reckoned from the Fortunate Islands 
(Canary Islands), and gave rules for finding the dead reckoning position by courses 
and distances sailed. 

Tratado da Sphera, Pedro Nunes’ great work, appeared in 1537. In addition to 
the first printed description of great-circle sailing, Nunes’ book included a section on 
determining the latitude by two altitudes of the sun (taken when the azimuths differed 
by not less than 40°) and solving the problem on a globe. The method was first 
proposed by Gemma. Tratado da Sphera contained the conclusion of a study of 
the “plane chart” which Nunes had made. He exposed its errors, but was unable 
to develop a satisfactory substitute. 

_During the years that followed, an extensive navigational literature became 
available. The Spaniards Pedro de Medina and Martin Cortes published successful 
manuals in 1545 and 1551, respectively. Medina’s Arte de Navegar passed through 13 
editions in several languages and Breve dela Spera y de la Arte de Navegar, Cortes’ book, 
was eventually translated into English and became the favorite of the British navigator. 
Cortes discussed the principle which Mercator used 18 years later in constructing his 
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famous chart, and he also listed accurately the distance between meridians at all 
latitudes. : , 

The first western hemisphere navigation manual was published by Diego Garcia de 
Palacio at Mexico City in 1587. His Instrucion Nauthica included a partial glossary of 
nautical terms and certain data on ship construction. 

John Davis’ The Seaman’s Secrets of 1594 was the first of the “practical” books. 
Davis was a celebrated navigator who asserted that it was the purpose of his book to 
give “all that is necessary for sailors, not for scholars on shore.’ Davis’ book discussed 
at length the navigator’s instruments, and went into detail on the ‘“‘sailings.”’ He 
explained the method of dividing a great circle into a number of rhumb lines, and the 
work he had done with Edward Wright qualified him to report on the method and 
advantages of Mercator sailing. He endorsed the system of determining latitude by 
two observations of the sun and the intermediate bearing. 

Although best known for the presentation of the theory of Mercator sailing, 
Edward Wright’s Certaine Errors in Navigation Detected and Corrected (1599) was a 
sound navigation manual in its own right. Particularly, he advocated correcting 
sights for dip, refraction, and parallax (ch. XVI). 

Later manuals. The next 200 years saw a succession of navigation manuals 
made available to the navigator;so many that only a few can be mentioned. Among 
those which enjoyed the greatest success were Blundeville’s Exercises, John Napier’s 
Mirifici Logarithmorum Canonis Constructio (which introduced the use of logarithms 
at sea), the tables and rules of Edmund Gunter, Arithmetical Navigation by Thomas 
Addison, and Richard Norwood’s The Sea-mans Practice (which gave the length of the 
nautical mile as 6,120 feet). Robert Dudley filled four volumes in writing the Arcano 
del Mare (1646-47) as did John Robertson with Elements of Navigation. Jonas and 
John Moore, William Jones, and several Samuel Dunns were others who contributed 
navigation books before Nathaniel Bowditch in America and J. W. Norie in England 
wrote the manuals which navigators found best suited to their needs. 

Bowditch’s The New American Practical Navigator was first published in 1802 (fig. 
118), and Norie’s Epitome of Navigation appeared the following year. Both were out- 
standing books which enabled the mariner of little formal education to grasp the 
essentials of his profession. The Englishman’s book passed through 22 editions in 
that country before losing its popularity to Captain Lecky’s famous “Wrinkles” in 
Practical Navigation of 1881. The American Practical Navigator is still read widely, 
more than a century-and-a-half after its original printing. 

A number of worthy navigation manuals have appeared in recent years. 


Celestial Navigation 


119. Astronomy is sometimes called the oldest of sciences. The movements of 
the sun, moon, stars, and planets were used by the earliest men as guides in hunting, 
fishing, and farming. The first maps were probably of the heavens. 

Babylonian priests studied celestial mechanics at a very early date, possibly as 
early as 3800 BC, more probably about 1500 years later. These ancieneeeeenoniers 
predicted lunar and solar eclipses, constructed tables of the moon’s hour angle, and 
are believed to have invented the zodiac. The week and month as known Pedant 
originated with their calendar. They grouped the stars by constellations. It is 
probable that they were arranged in essentially their present order as early as 2000 
BC. The five planets easily identified by the unaided eye were known to the Babylo- 
nians, who were apparently the first to divide the sun’s apparent motion about the earth 
into 24 equal parts. They published this and other astronomical data in ephemerides 
There is evidence that the prophet Abraham had an excellent knowledge of astronomy. 
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The Chinese, too, made outstanding contributions to the science of the heavens. 
They may have fixed the solstices and equinoxes before 2000 BC. They had quad- 
rants and armillary spheres, used water clocks, and observed meridian transits. 
These ancient Chinese determined that the sun made its annual apparent revolution 
about the earth in 365% days, and divided circles into that many parts, rather than 
360. About 1100 BC the astronomer Chou Kung determined the sun’s maximum 
declination within about 15’. 

Astronomy was used by the Egyptians in fixing the dates of their religious festivals 
almost as early as the Babylonian studies. By 2000 BC or earlier the new year 
began with the heliacal rising of Sirius; that is, the first reappearance of this star in the 
eastern sky during morning twilight after having last been seen just after sunset in the 
western sky. The heliacal rising of Sirius coincided approximately with the annual 
Nile flood. The famous Pyramid of Cheops, which was probably built in the 17th 
century BC, was so constructed that the light of Sirius shone down a southerly shaft 
when at upper transit, and the light of the pole star shone down a northerly shaft at 
lower transit, the axes of the two shafts intersecting in the royal burial chamber. 
When the pyramid was constructed, a Draconis, not Polaris, was the pole star. 

The Greeks learned of navigational astronomy from the Phoenicians. The 
earliest Greek astronomer, Thales, was of Phoenician ancestry. He is given credit for 
dividing the year of the western world into 365 days, and he discovered that the sun 
does not. move uniformly between solstices. Thales is most popularly known, however, 
for predicting the solar eclipse of 585 BC, which ended a battle between the Medes 
and the Lydians. He was the first of the great men whose work during the next 700 
years was the controlling force in navigation, astronomy, and cartography until the 
Renaissance. 

120. Shape of the earth.—Advanced as the Babylonians were, they apparently 
considered the earth to be flat. Land surveys of about 2300 BC show a “salt water 
river” encircling the country (fig. 120). 

But seafarers knew that the last to be seen of a ship as it disappeared over the 
horizon was the masthead. They recognized the longer summer days in England 
when they sailed to the tin mines of Cornwall, as early as 900 BC. In that “north- 
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Courtesy of the Map Division of the Library of Congress. 


Figure 120.—The original and reconstruction of a Babylonian map of about 500 BC. The Babylonians 
believed the earth to be a flat disk encircled by a salt water river. 
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land” the Mediterranean sailors noticed that the pole star was higher in the sky and 
the lower southern constellations were no longer visible. When Thales invented the 
gnomonic projection, about 600 BC, he must have believed the earth to be a sphere. 
Two centuries later Aristotle wrote that the earth’s shadow on the moon during an 
eclipse was always circular. Archimedes (287-212 BC) used a glass celestial globe 
with a smaller terrestrial globe inside it. Although the average man has understood 
the spherical nature of the earth for only a comparatively short period, learned astrono- 
mers have accepted the fact for more than 25 centuries. 

121. Celestial mechanics.—Among astronomers the principal question for 2,000 
years was not the shape of the earth, but whether it or the sun was the center of the 
universe. A stationary earth seemed logical to the early Greeks, who calculated that 
daily rotation would produce a wind of several hundred miles per hour at the equator. 
Failing to realize that the earth’s atmosphere turns with it, they considered the absence 
of such a wind proof that the earth was stationary. 

The belief among the ancients was that all celestial bodies moved in circles about 
the earth. However, the planets—the ‘“‘wanderers,” as they were called—contradicted 
this theory by their irregular motion. In the fourth century BC Eudoxus of Cnidus 
attempted to account for this by suggesting that planets were attached to concentric 
spheres which rotated about the earth at varying speeds. The plan of epicycles, the 
theory of the universe which was commonly accepted for 2,000 years, was first proposed 
by Apollonius of Perga in the third century BC. Ptolemy accepted and amplified 
the plan, explaining it in his famous books, the Almagest and Cosmographia. Accord- 
ing to Ptolemy, the planets moved at uniform speeds in small circles, the centers of 
which moved at uniform speeds in circles about the earth (fig. 121). 

At first the Ptolemaic theory was accepted without question, but as the years 
passed, forecasts based upon it proved to be inaccurate. By the time the Alfonsine 
Tables were published in the 13th century AD, a growing number of astronomers 
considered the Ptolemaic doctrine unacceptable. However, Purbach, Regiomontanus, 
Bernhard Walther of Nuremberg, and even Tycho Brahe in the latter part of the 16th 
century, were among those who tried to reconcile the earth-centered epicyclic plan to 
the observed phenomena of the heavens. 

As early as the sixth century BC, a brotherhood founded by Pythagoras, a Greek 
philosopher, proposed that the earth was round and self-supported in space, and that 
it, the other planets, the sun, and the moon revolved about a central fire which they 
called Hestia, the hearth of the universe. The sun and the moon, they said, shone 
by reflected light from Hestia. 

The central fire was never located, however, and a few hundred years later Aris- 
tarchus of Samos advanced a genuine heliocentric theory. He denied the existence of 
Hestia and placed the sun at the center of the universe, correctly considering it to be 
a star which shone by itself. The Hebrews apparently understood the correct relation- 
ship at least as early as Abraham (about 2000 BC), and the early inhabitants of the 
Western Hemisphere probably knew of it before the Europeans did. 

The Ptolemaic theory was generally accepted until its inability to predict future 
positions of the planets could no longer be reconciled. Its replacement by the helio- 
centric theory is credited principally to Nicolaus Copernicus (or Koppernigk). After 
studying mathematics at the University of Cracow, Copernicus went to Bologna, 
where he attended the astronomical lectures of Domenicao Maria Novara, an advocate 
of the Pythagorean theory. Further study in Martianus Copella’s Satyricon, which 
includes a discussion of the heliocentric doctrine, convinced him 


that the sun was trul 
the center of the universe. : 
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Figure 121.—The plan of epicycles, by which the ancients explained the 
retrograde motion of the planets. The planets were believed to rotate in 
small circles whose centers moved about the earth in a large circle. 


Until the year of his death Copernicus tested his belief by continual observations, 
and in that year, 1543, he published De Revolutionibus Orbium Coelestium. In it he 
said that the earth rotated on its axis daily and revolved in a circle about the sun once 
each year. He placed the other planets in circular orbits about the sun also, recog- 
nizing that Mercury and Venus were closer than the earth, and the others farther out. 
He concluded that the stars were motionless in space and that the moon moved circu- 
larly about the earth. His conclusions did not become widely known until nearly a 
century later, when Galileo publicized them. Today, “‘heliocentric’” and “Copernican” 
are synonymous terms used in describing the character of the solar system. 

122. Other early discoveries.—A knowledge of the principal motions of the planets 
permitted reasonably accurate predictions of future positions. Other, less spectacular 
data, however, were being established to help round out the knowledge astronomers 
needed before they could produce the highly accurate almanacs known today. 

More than a century before the birth of Christ, Hipparchus discovered the pre- 
cession of the equinoxes (art. 1419) by comparing his own observations of the stars 
with those recorded by Timocharis and Aristyllus about 300 BC. Hipparchus cata- 
loged more than a thousand stars, and compiled an additional list of time-keeping stars 
which differed in sidereal hour angle by 15° (one hour), accurate to 15’. A spherical 
star map, or planisphere, and a celestial globe were among the equipment he designed. 
However, his instruments did not permit measurements of such precision that stellar 
parallax could be detected, and, consequently, he advocated the geocentric theory of 
the universe. 
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Three centuries later Ptolemy examined and confirmed Hipparchus’ discovery of 
precession. He published a catalog in which he arranged the stars by constellations 
and gave the magnitude, declination, and right ascension (art. 1426) of each. Follow- 
ing Hipparchus, Ptolemy determined longitudes by eclipses. In the Almagest he 
included the plane and spherical trigonometry tables which Hipparchus had developed, 
mathematical tables, and an explanation of the circumstances upon which the equation 
of time (art. 1912) depends. 

The next thousand years saw little progress in the science of astronomy. Alex- 
andria continued as a center of learning for several hundred years after Ptolemy, but 
succeeding astronomers at the observatory confined their work to comments on his 
great books. The long twilight of the Dark Ages had begun. 

Alexandria was captured and destroyed by the Arabs in AD 640, and for the 
next 500 years Moslems exerted the primary influence in astronomy. Observatories 
were erected at Baghdad and Damascus during the ninth century. Ibn Yunis’ observa- 
tory near Cairo gathered the data for the Hakimite tables in the 11th century. Earlier, 
the Spanish, under Moorish tutelage, set up schools of astronomy at Cordova and 
Toledo. 

123. Modern astronomy may be said to date from Copernicus, although it was 
not until the invention of the telescope, about 1608, that precise measurement of the 
positions and motions of celestial bodies was possible. 

Galileo Galilei, an Italian, made outstanding contributions to the cause of as- 
tronomy, and these served as a basis for the work of later men, particularly Isaac New- 
ton. He discovered Jupiter’s satellites, providing additional opportunities for de- 
termining longitude on land. He maintained that it is natural for motion to be uniform 
and in a straight line and that a force is required only when direction or speed is chang- 
ing. Galileo’s support of the heliocentric theory, his use and improvement of the 
telescope, and particularly the clarity and completeness of his records provided firm 
footing for succeeding astronomers. 

Early in the 17th century, before the invention of the telescope, Tycho Brahe 
found the planet Mars to be in a position differing by as much as 8’ from that required 
by the geocentric theory. When the telescope became available, astronomers learned 
that the apparent diameter of the sun varied during the year, indicating that the earth’s 
distance from the sun varies, and that its orbit is not circular. 

Johannes Kepler, a German who had succeeded Brahe and who was attempting 
to account for his 8’ discrepancy, published in 1609 two of astronomy’s most important 
doctrines, the law of equal areas, and the law of elliptical orbits. Nine years later he 
announced his third law, relating the periods of revolution of any two planets to their 
respective distances from the sun (art. 1407). 

Kepler’s discoveries provided a mathematical basis by which more accurate 
tables of astronomical data were computed for the maritime explorers of the age. His 
realization that the sun is the controlling power of the system and that the orbital 
planes of the planets pass through its center almost led him to the discovery of the law 
of gravitation. 

Sir Isaac Newton reduced Kepler’s conclusions to the universal law of gravitation 
(art. 1407) when he published his three laws of motions in 1687. Because the planets 
exert forces one upon the other, their orbits do not agree exactly with Kepler’s laws. 
N ewton’s work compensated for this and, as a result, the astronomer was able to fore- 
cast with greater accuracy the positions of the celestial bodies. The navigator benefited 
through more exact tables of astronomical data. 

Between the years 1764 and 1784, the Frenchmen Lagrange and Laplace con- 
clusively proved the solar system’s mechanical stability. Early in the 19th century, 
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Nathaniel Bowditch translated and commented upon Laplace’s Mécanique Céleste, 
bringing it up-to-date. Prior to their work this stability had been questioned due to 
apparent inconsistencies in the motions of some of the planets. After their demon- 
strations, men were convinced and could turn to other important work necessary to 
refine and improve the navigator’s almanac. 

But there were real, as well as apparent, irregularities of motion which could not 
be explained by the law of gravitation alone. By this law the planets describe ellipses 
about the sun, and these orbits are repeated indefinitely, except as the other planets 
influence the orbits of each by their own gravitational pull. Urbain Leverrier, one- 
time Director of the Paris Observatory, found that the line of apsides of Mercury was 
advancing 43” per century faster than it should, according to the law of gravitation 
and the positions of other known planets. In an attempt to compensate for the 
resulting errors in the predicted positions of the planet, he suggested that there must be 
a mass of circulating matter between the sun and Mercury. No such circulating matter 
has been found, however, and Leverrier’s discovery is attributed to a shortcoming of 
Newton’s law, as explained by Albert Einstein. 

In Einstein’s hands, Leverrier’s 43” became a fact as powerful as Brahe’s 8’ had 
been in the hands of Kepler. Early in the 20th century, Einstein announced the 
theory of relativity (art. 1407). He stated that for the planets to revolve about the 
sun is natural, and gravitational force is unnecessary for this, and he asserted that there 
need be no circulating matter to account for the motion of the perihelion of Mercury as 
this, too, is in the natural order of things. Calculated from his theory, the correction 
to the previously computed motion of the perihelion in 100 years is 4279. 

Prior to Einstein’s work, other discoveries had helped round out man’s knowledge 
of the universe. 

Aberration (art. 1417), discovered by James Bradley about 1726, accounted for 
the apparent shifting of the stars throughout the year, due to the combined orbital 
speed of the earth and the speed of light. Twenty years later Bradley described the 
periodic wobbling of the earth’s axis, called nutation (art. 1417), and its effect upon 
precession of the equinoxes. 

Meanwhile, in 1718 Edmond Halley, England’s second Astronomer Royal, de- 
tected a motion of the stars, other than that caused by precession, that led him to 
conclude that they, too, were moving. By studying the works of the Alexandrian 
astronomers, he found that some of the most prominent stars had changed their posi- 
tions by as much as 32’. Jacques Cassini gave Halley’s discovery further support when 
he found, a few years later, that the declination of Arcturus had changed 5’ in the 100 
years since Brahe made his observations. This proper motion (art. 1414) is motion in 
addition to that caused by precession, nutation, and aberration. 

Sir William Herschel, the great astronomer who discovered the planet Uranus in 
1781, proved that the solar system is moving toward the constellation Hercules. As 
early as 1828 Herschel advocated the establishment of a standard time system. Nep- 
tune was discovered in 1846 after its position had been predicted by the Frenchman 
Urbain Leverrier. Based upon the work of Percival Lowell, an American, Pluto was 
identified in 1930. Uranus, Neptune, and Pluto are of little concern to the navigator. 

A more recent discovery may well have greater navigational significance. This 
is the existence of sources of electromagnetic energy in the sky in the form of radio 
stars (art. 1414). The sun has been found to transmit energy of radio frequency, and 
instruments have been built which are capable of tracking it across the sky regardless 
of weather conditions. 

124. Sextant.—Prior to the development of the magnetic compass, the navigator 
used the heavenly bodies chiefly as guides by which to steer. The compass, however, 
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Courtesy of the John Carter Brown Library, Brown University. 


Figure 124a.—An ancient astrolabe, one of the earliest kinds of altitude- 
measuring instruments. 


led to more frequent long voyages on the open sea, and the need for a vertical-angle 
measuring device which could be used for determining altitude, so that latitude could 
be found. 

Probably the first such device used at sea was the common quadrant, the simplest 
form of all such instruments. Made of wood, it was a fourth part of a circle, held ver- 
tical by means of a plumb bob. An observation made with this instrument at sea was 
a two- or three-man job. This device was probably used ashore for centuries before 
it went to sea, although its earliest use by the mariner is unknown. 

Invented perhaps by Apollonius of Perga in the third century BC, the astrolabe 
(fig. 124a)—from the Greek for star and to take—had been made portable by the Arabs 
possibly as early as AD 700. It was in the hands of Christian pilots by the end of 
the 13th century, often as an elaborate and beautiful creation wrought of precious 
metals. Some astrolabes could be used as star finders (art. 2210) by fitting an engraved 
plate to one side. Large astrolabes were among the chief instruments of 15th and 16th 
century observatories, but the value of this instrument at sea was limited. 

The principle of the astrolabe was similar to that of the common quadrant, but 
the astrolabe consisted of a metal disk, graduated in degrees, to which a movable sight 
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Fiaure 124b.—The cross-staff, the first instrument to utilize the visible horizon in making celestial 
observations. 


vane was attached. In using the astrolabe, which may be likened to a pelorus held on 
its side, the navigator adjusted the sight vane until it was in line with the star, and 
then read the zenith distance from the scale. As with the common quadrant, the 
vertical was established by plumb bob. 

Three men were needed to make an observation with the astrolabe (one held the 
instrument by a ring at its top, another aligned the sight vane with the body, a third 
made the reading) and even then the least rolling or pitching of a vessel caused large 
acceleration errors in observa- 
tions. Therefore, navigators 
were forced to abandon the 
plumb bob and make the ho- 
rizon their reference. 

The cross-staff (fig. 124b) 
was the first instrument which 
utilized the visible horizon in 
making celestial observations. 
The instrument consisted of a 
long, wooden shaft upon which 
one of several cross-pieces was 
mounted perpendicularly. The Courtesy of Peabody Museum 7 ues 

: a : Figure 124c.—The backstaff, or sea quadrant, a favorite in- 
cross-pieces were of various strument of American colonial navigators. 
lengths, the one being used 
depending upon the angle to be measured. The navigator fitted the appropriate 
cross-piece on the shaft and, holding one end of the shaft beside his eye, adjusted 
the cross until its lower end was in line with the horizon and its upper end with the 
body. The shaft was calibrated to indicate the altitude of the body observed. 

In using the cross-staff, the navigator was forced to look at the horizon and the 
celestial body at the same time. In 1590 John Davis, author of The Seaman’s Secrets, 
invented the backstaff (fig. 124c) or sea quadrant. He was one of the few practical 
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seamen (Davis Strait is named for him, in honor of his attempt to find the Northwest 
Passage) to invent a navigational device. The backstaff marked a long advance and 
was particularly popular among American colonial navigators. — 

In using this instrument, the navigator turned his back to the sun and aligned its 
shadow with the horizon. The backstaff had two arcs, and the sum of the values shown 
on each was the zenith distance of the sun. Later, this instrument was fitted with 
a mirror to permit observations of bodies other than the sun. 

Another instrument developed about the same time was the nocturnal (fig. 124d). 
Its purpose was to provide the mariner with the appropriate correction to be made to 
the altitude of Polaris to determine latitude. By sighting on Polaris through the hole 
in the center of the instrument and adjusting the movable arm so that it pointed at 
Kochab, the navigator could 
read the correction from the 
instrument. Most nocturnals 
had an additional outer disk 
graduated for the months and 
days of the year and by ad- 
justing this the navigator could 
also determine solar time. 

Tycho Brahe designed sev- 
eral instruments with arcs of 
60°, having one fixed sight and 
another movable one. He called 
the instruments sextants and 
the name is now commonly ap- 
plied to all altitude-measuring 
devices used by the navigator 
(ch. XV). In 1700 Sir Isaac 
Newton sent to Edmond 
Halley, the Astronomer Royal, 
a description of a device 
LE norntoens having double-reflecting mir- 

rors, the principle of the 
modern marine sextant. How- 
ever, this was not made public 
until after somewhat similar 
~ instruments had been made in 
British Crown copyright. Gclence Museum, London, England. 1730 br the Englishman John 

Figure 124d.—The nocturnal, an instrument used to deter- 4 : 
mine latitude by an observation of Polaris. Hadley, and the American 

Thomas Godfrey. 

The original instrument constructed by Hadley was, in fact, an octant, but due to 
the double-reflection principle it measured angles up to one-fourth of a circle, or 90°. 
Godfrey’s instrument is reported to have been a quadrant, and so could measure angles 
through 180°. The two men received equal awards from England’s Roval Society, as their 
work was considered to be a case of simultaneous independent invention, although Hadley 
probably preceded Godfrey by a few months in the actual construction of his sextant. 

In the next few years both instruments were successfully tested at sea, but 20 years 
or more passed before the navigator gave up his backstaff or sea quadrant for the 
new device. In 1733 Hadley attached a spirit level to a quadrant, and with it was 
ies Bago Ree (at era oes reference to the horizon. Some years later the 

xtant 3) was developed. 
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Pierre Vernier, in 1631, had attached to the limb of a quadrant a second, smaller 
graduated arc, thereby permitting angles to be measured more accurately, and this 
device was incorporated in all later angle-measuring instruments. 

The sextant has remained practically unchanged since its invention more than two 
centuries ago. The only notable improvements have been the addition of an endless 
tangent screw and a micrometer drum, both having been added during the 20th century. 

125. Determining latitude.—The ability to determine longitude at sea is com- 
paratively modern, but latitude has been available for thousands of years. 

Meridian transit of the sun. Long before the Christian era, astronomers had 
determined the sun’s declination for each day of the year, and prepared tables listing 
the data. This was a comparatively simple matter, for the zenith distance obtained 
by use of a shadow cast by the sun on the day of the winter solstice could be sub- 
tracted from that obtained on the day of the summer solstice to determine the range 
of the sun’s declination, about 47°. Half of this is the sun’s maximum declination, 
which could then be applied to the zenith distance recorded on either day to determine 
the latitude of the place. Daily observations thereafter enabled the ancient astronomers 
to construct reasonably accurate declination tables. 

Such tables were available long before the average navigator was ready to use 
them, but certainly by the 15th century experienced seamen were determining their 
latitude at sea to within one or two degrees. In his 1594 The Seaman’s Secrets, Davis 
made use of his experience in high latitudes to explain the method of determining 
latitude by lower transit observations of the sun. 

Ex-meridian observation of the sun. The possibility of overcast skies at the one 
time each day when the navigator could get a reliable observation for latitude led to 
the development of the “‘ex-meridian” sight. Another method, involving two sights 
taken with a considerable time interval between, had previously been known, but 
the mathematics were so involved that it is doubtful that many seamen made use 
of it. 

There are two methods by which ex-meridian observations can be solved. 
The direct process was the more accurate, although it required a trigonometrical 
solution. By the latter part of the 19th century, tables were introduced which made 
the method of reduction to the meridian more practical and, when occasion demands 
such an observation, this is the method generally used today. However, with the 
development of line of position methods and the modern inspection table, ex-meridian 
observations have lost much of their popularity. 

Latitude by Polaris. First use of the pole star to determine latitude is not known, 
but many centuries ago seamen who used it as a guide by which to steer were known 
to comment upon its change of altitude as they sailed north or south. 

By Columbus’ time some navigators were using Polaris to determine latitude, 
and with the invention of the nocturnal late in the 16th century, providing corrections 
to the observed altitude, the method came into more general use. The development 
of the chronometer in the 18th century permitted exact corrections, and this made 
determination of latitude by Polaris a common practice. Even today, more than a 
century after discovery of the celestial line of position, the method is still in use. The 
modern inspection table has eliminated the need for meridian observations as a special 
method for determining latitude. Perhaps when the almanacs and sight reduction 
tables make the same provision for solution of Polaris sights as they do for any other 
navigational star, this last of the special methods will cease to be used for general 
navigation. But customs die slowly, and one as well established as that of position 
finding in terms of separate latitude and longitude observations—instead of lines of 
position—is not likely to disappear completely for many years to come. 
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126. The search for a method of “discovering” longitude at sea.—A statement 
once quite common was, “The navigator always knows his latitude.’’ A more accurate 
statement would have been, “The navigator never knows his longitude.” In 1594 
Davis wrote: “Now there be some that are very inquisitive to have a way to get the 
longitude, but that is too tedious for seamen, since it requireth the deep knowledge of 
astronomy, wherefore I would not have any man think that the longitude is to be found 
at sea by any instrument, so let no seamen trouble themselves with any such rule, but 
let them keep a perfect account and reckoning of the way of their ship.” In speaking 
of conditions of his day, he was correct, for it was not until the 19th century that the 
average navigator was able to determine his longitude with accuracy. 

Parallel sailing. Without knowledge of his longitude, the navigator of old found 
it necessary on an ocean crossing to sail northward or southward to the latitude of his 
destination, and then to follow that parallel of latitude until the destination was 
reached, even though this might take him far out of his way. Because of this practice, 
parallel sailing was an important part of the navigator’s store of knowledge. The 
method was a crude one, however, and the time of landfall was often in error by a 
matter of days, and, in extreme cases, even weeks. 

Eclipses. Almost as early as the rotation of the earth was established, astronomers 
recognized that longitude could be determined by comparing local time with that at 
the reference meridian. The problem was the determination of time at the reference 
meridian. 

One of the first methods proposed was that of observing the disappearance of 
Jupiter’s satellites as they were eclipsed by their planet. This method, originally 
proposed by Galileo for use on land, required the ability to observe and identify the 
satellites by using a powerful telescope, knowledge of the times at which the eclipses 
would take place, and the skill to keep the instrument directed at the bodies while 
aboard a small vessel on the high seas. Although used in isolated cases for many 
years, the method was not satisfactory at sea, due largely to the difficulty of observa- 
tion (some authorities recommended use of a telescope as long as 18 or 19 feet) and the 
lack of sufficiently accurate predictions. 

Variation of the compass was seriously considered as a method of determining 
longitude for 200 years or more. Faleiro, Magellan’s advisor, believed it could be so 
utilized, and, until the development of the chronometer, work was carried on to perfect 
the theory. Although there is no simple relationship between variation and longitude, 
those who advocated the method felt certain that research and investigation would 
eventually provide the answer. Many others were convinced that such a solution 
did not exist. In 1676, Henry Bond published The Longitude Found, in which he stated 
that the latitude of a place and its variation could be referred to the prime meridian to 
determine longitude. Two years later Peter Blackborrow rebutted with The Longitude 
Not Found. 

Variation was put to good use in determining the nearness to land by shipmasters 
familiar with the waters they plied, but as the solution to the longitude problem it was 
a failure, and with the improvement of lunar distance methods and the invention of 
the chronometer, interest in the method waned. If it had been possible to provide the 
mariner with an accurate chart of variation, and to keep it up-to-date, a means of 
establishing an approximate line of position in areas where the gradient is large would 
aol resulted; in many cases this would have established longitude if latitude were 

own. 
__ Lunar distances. The first method widely used at sea to determine longitude 
with some accuracy was that of lunar distances (art. 131), by which the navigator 
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determined GMT by noting the position of the relatively fast-moving moon among 
the stars. Both Regiomontanus, in 1472, and John Werner, in 1514, have been credited 
with being the first to propose the use of the lunar distance method. At least one source 
states that Amerigo Vespucci, in 1497, determined longitude using the moon’s position 
relative to that of another body. One of the principal reasons for establishing the Royal 
Observatory at Greenwich was to conduct the observations necessary to provide more 
accurate predictions of the future positions of the moon. Astronomers, including the 
Astronomers Royal, favored this method, and half a century after the invention of the 
chronometer it was still being perfected. In 1802 Nathaniel Bowditch simplified the 
method and its explanation, thus eliminating much of the mystery surrounding it and 
making it understandable to the average mariner. By using Bowditch’s method, the 
navigator was able to head more or less directly toward his destination, rather than 
travel the many additional miles often required in ‘running down the latitude’”’ and then 
using parallel sailing. An explanation of the lunar distance method, and tables for 
its use, were carried in the American Practical Navigator until 1914. 

The Board of Longitude. The lunar distance method, using the data and equip- 
ment available early in the 18th century, was far from satisfactory. Ships, cargoes, 
and lives were lost because of inaccurately-determined longitudes. During the Age of 
Discovery, Spain and Holland posted rewards for solution to the problem, but in vain. 
When 2,000 men were lost as a squadron of British men-of-war ran aground on a foggy 
night in 1707, officers of the Royal Navy and Merchant Navy petitioned Parliament 
for action. As a result, the Board of Longitude was established in 1714, empowered 
to reward the person who could solve the problem of “discovering” longitude at sea. 
A voyage to the West Indies and back was to be the test of proposed methods which 
were deemed worthy. The discoverer of a system which could determine the longitude 
within 1° by the end of the voyage was to receive £10,000; within 40’, £15,000; 
and within 30’, £20,000. These would be handsome sums today. In the 18th cen- 
tury they were fortunes. 

127. Evolution of the chronometer.—Many and varied were the solutions proposed 
for finding longitude, and as the different methods were found unsatisfactory, it became 
increasingly apparent that the problem was one of keeping the time of the prime merid- 
ian. But the development of a device that would keep accurate time during a long 
voyage seemed to most men to be beyond the realm of possibility. Astronomers were 
flatly opposed to the idea and felt that the problem was properly theirs. There is 
even some evidence to indicate that the astronomers of the Board of Longitude made 
unfair tests of chronometers submitted to them. 

Christian Huygens (1629-95), a Dutch scientist and mathematician, made a 
number of contributions of great value in the field of astronomy, but his most memorable 
work, to the navigator, was his attempt at constructing a perfect timepiece. It was 
probably Galileo who first suggested using a pendulum in keeping time. Huygens 
realized that an error would result from the use of a simple pendulum, however, and he 
devised one in which the bob hung from a double cord that passed between two plates 
in such a way that it traced a cycloidal path. 

In 1660 Huygens built his first chronometer. The instrument utilized his cycloidal 
pendulum, actuated by a spring. To compensate for rolling and pitching, Huygens 
mounted the clock in gimbals. Two years later the instrument was tested at sea, with 
promising results. The loss of tension in the spring as it ran down was the major 
weakness in this clock. Huygens compensated for this by attaching oppositely tapered 
cones and a chain to the spring. A 1665 sea test of the new timepiece showed greater 
accuracy, but still not enough for determination of longitude. In 1674 he constructed 
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a chronometer with a special balance and long balance-spring. Although it was the 
best marine timepiece then known, Huygens’ last clock was also unsuited for use at sea 
due to the error caused by temperature changes. 

John Harrison was a carpenter’s son, born in Yorkshire in 1693. He followed his 
father’s trade during his youth, but soon became interested in the repair and construc- 
tion of clocks. At the age of 20 he completed his first timekeeper, a pendulum-type 
clock with wooden wheels and pinions. Harrison’s gridiron pendulum, one which 
maintained its length despite temperature changes, was designed about 1720, and con- 
tained alternate iron and brass rods to eliminate distortion. Until the time that metal 


British Crown copyright. From the original in the National Maritime 
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Pes 127.—Harrison’s No. 1 chronometer. The first of four time- 
eepers constructed by Harrison, this clock weighs 65 pounds. 


alloys having small coefficients of temperature expansion were developed, Harrison’s 
mata was the type pendulum used by almost all clockmakers. 
reli Abad sec! Woes felt ready to take his pendulum, an escapement he had invented, 
Howades oh marine timepiece before the Board of Longitude. In London, 
keeper ee ae a famous clockmaker, advised him to first construct the time- 
The Beet Hh ae Ei and in 1735 he submitted his No. 1 chronometer (fig. 127). 
Tee eed stig a sea tial beard HMS Centurion. The following year, that 
was found to be ‘ih ee’ bol oon s clock on board, and upon her return, the error 
ener KY ree minutes of longitude, a performance which astounded members of 
c. But the chronometer was awkward and heavy, being enclosed in glass 
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and weighing some 65 pounds, and the Board voted to give Harrison only £500, to 
be used in producing a more practical timepiece. 

During the next few years he constructed two other chronometers, which were 
stronger and less complicated, although there is no record of their being tested by the 
Board of Longitude. Harrison continued to devote his life to the construction of an 
accurate clock to be used in determining longitude, and finally, as he approached old 
age, he developed his No. 4. Again he went before the Board, and again a test was 
arranged. In November of 1761, HMS Deptford sailed for Jamaica with No. 4 
aboard, in the custody of Harrison’s son, William. On arrival, after a passage lasting 
two months, the watch was only nine seconds slow (2% minutes of longitude). In 
January of 1762 it was placed aboard HMS Merlin for the return voyage to England. 
When the Merlin anchored in English waters in April of that year, the total error shown 
by the chronometer was 1 minute, 54.5 seconds. This is equal to less than a half 
degree of longitude, or less than the minimum error prescribed by the Board for the 
largest prize. Harrison applied for the full £20,000, but the Board, led by the Astron- 
omer Royal, allowed him only a fourth of that, and insisted on another test. 

William Harrison sailed again with No. 4 for Barbados in March of 1764, and 
throughout the almost four-months-long voyage the chronometer showed an error of 
only 54 seconds, or 13.5 minutes of longitude. The astronomers of the Board reluc- 
tantly joined in a unanimous declaration that Harrison’s timepiece had exceeded all 
expectations, but they still would not pay him the full reward. An additional £5,000 
were paid on the condition that plans be submitted for the construction of similar 
chronometers. Even when this was done, the Board delayed payment further by 
having one of its members construct a timepiece from the plans. Not until 1773, 
Harrison’s 80th year, was the rest of the reward paid, and only then because of inter- 
vention by the king himself. 

Pierre LeRoy, a great French clockmaker, constructed a chronometer in 1766 
which has since been the basis for all such instruments. LeRoy’s several inventions 
made his chronometer a timepiece which has been described as a “masterpiece of 
simplicity, combined with efficiency.” Others to contribute to the art of watchmaking 
included Ferdinand Berthoud of France and Thomas Mudge of England, each of 
whom developed new escapements. The balance wheel was improved by John Arnold, 
who invented the escapement acting in one direction only, substantially that used 
today. Acting independently, Thomas Earnshaw invented a similar escapement. He 
built the first reliable chronometer at a relatively low price. The chronometer the 
Board of Longitude had made from Harrison’s plans cost £450; Earnshaw’s cost £45. 

Timepieces designed to provide the navigator with information other than time 
were popular a century or more ago. One showed the times of high and low water, 
the state of the tide at any time, and the phases of the moon; another gave the equation 
of time and the apparent motions of the stars and planets; a third offered the position 
of the sun and both mean and sidereal times. But the chronometers produced by 
LeRoy and Earnshaw were the ones of greatest value to the navigator; they gave him 
a simple and reliable method of determining his longitude. 

Time signals, which permit the mariner at sea to check the error in his chronom- 
eter, are essentially a 20th century development. Telegraphic time signals were inau- 
gurated in the United States at the end of the Civil War, and enabled ships to check 
their chronometers in port by time ball signals. Previously, the Navy’s “standard” 
chronometer had been carried from port to port to allow such comparison. In their 
most advanced form, time balls were dropped by telegraphic action. In 1904 the first 
official “wireless” transmission of time signals began from a naval station at Navesink, 


48 HISTORY OF NAVIGATION 


N. J. These were low-power signals which could be heard for a distance of about 50 
miles. Five years later the range had been doubled, and, as other nations began 
sending time signals, the navigator was soon able to check his chronometer around 
the world. 

The search for longitude was ended. 

128. Establishment of the prime meridian.—Until the beginning of the 19th cen- 
tury, there was little uniformity among cartographers as to the meridian from which 
longitude was measured. The navigator was not particularly concerned, as he could 
not determine his longitude, anyway. 

Ptolemy, in the second century AD, had measured longitude eastward from areference 
meridian two degrees west of the Canary Islands. In 1493 Pope Alexander VI drew 
a line in the Atlantic west of the Azores to divide the territories of Spain and Portugal, 
and for many years this meridian was used by chart makers of the two countries. 
In 1570 the Dutch cartographer Ortelius used the easternmost of the Cape Verde 
Islands. John Davis, in his 1594 The Seaman’s Secrets, said the Isle of Fez in the 
Canaries was used because there the variation was zero. Mariners paid little atten- 
tion, however, and often reckoned their longitude from several different capes and 
ports during a voyage, depending upon their last reliable fix. 

The meridian of London was used as early as 1676, and over the years its popu- 
larity grew as England’s maritime interests increased. The system of measuring longi- 
tude both east and west through 180° may have first appeared in the middle of the 
18th century. Toward the end of that century, as the Greenwich Observatory in- 
creased in prominence, English map makers began using the meridian of that observ- 
atory as areference. The publication by the Observatory of the first British Nautical 
Almanac in 1767 further entrenched Greenwich as the prime meridian. A later and 
unsuccessful attempt was made in 1810 to establish Washington as the prime meridian 
for American navigators and cartographers. At an international conference held in 
Washington in 1884 the meridian of Greenwich was officially established, by the 25 
nations in attendance, as the prime meridian. Today all maritime nations have desig- 
nated the Greenwich meridian the prime meridian, except in a few cases where local 
references are used for certain harbor charts. 

129. Astronomical observatories.—Thousands of years before the birth of Christ, 
crude observatories existed, and astronomers constructed primitive tables which were 
the forerunners of modern almanacs. The famous observatory at Alexandria, the 
first “true” observatory, was constructed in the third century BC, but the Egyptians, 
as well as the Babylonians and Chinese, had already studied the heavens for many 
centuries. The armillary sphere (fig. 129a) was the principal instrument used by the 
early astronomers. It consisted of a skeleton sphere with several movable rings which 
could be adjusted to indicate the orbits of the various celestial bodies. One source 
attributes the invention of the armillary sphere to Eratosthenes in the third century 
BC; another says the Chinese knew it 2,000 years earlier, as well as the water clock 
an a form of astrolabe. The Alexandrian observatory was the seat of astronomical 
ae in the western world for several centuries, and there Hipparchus discovered 

precession of the equinoxes, and Ptolemy did the work which led to his Almagest. 
pn a sone Ce ar entirely during the Dark Ages. The Arabians 
oe ea ig re iste a Ls series: in the ninth century AD, and observ- 
Maerides ince tee s a Persia fo owed. The Moors brought the astronomical 
auc ces cei Into Spain, and the Toledan Tables of 1080 resulted from an 
ic interest that brought about the establishment of schools of 
astronomy at Cordova and Toledo in the tenth century. 
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Ficurs 129a.—An armillary sphere, one of the most important instruments 
of the ancient astronomers. 


The great voyages of western discovery began early in the 15th century, and chief 
among those who recognized the need for greater precision in navigation was Prince 
Henry “The Navigator” of Portugal. About 1420 he had an observatory constructed 
at Sagres, on the southern tip of Portugal, so that more accurate information might 
be available to his captains. Henry’s hydrographic expeditions added to the geo- 
graphical knowledge of the mariner, and he was responsible for the simplification of 
many navigational instruments. 

The Sagres observatory was rudimentary, however, and not until 1472 was the 
first complete observatory built in Europe. In that year Bernard Walther, a wealthy 
astronomer, constructed the Nuremberg Observatory, and placed Regiomontanus in 
charge. Regiomontanus, born Johann Miiller, contributed a wealth of astronomical 
data of the greatest importance to the navigator. 
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The observatory at Cassel, built in 1561, had a revolving dome and an instrument 
capable of measuring altitude and azimuth at the same time. Tycho Brahe’s Urani- 
burgum Observatory, located on the Danish island Hveen, was opened in 1576, and 
the results of his observations contributed greatly to the navigator’s knowledge. 
Prior to the discovery of the telescope, the astronomer could increase the accuracy of 
his observations only by using larger instruments. Brahe used a quadrant with a 
radius of 19 feet, with which he could measure altitudes to 0'6, an unprecedented degree 
of precision at that time. He also had an instrument with which he could determine 
altitude and azimuth simultane- 
ously (fig. 129b). After Brahe, 
Kepler made use of the observ- 
atory and his predecessor’s rec- 
ords in determining the laws 
which bear his name. 

The telescope, the modern 
astronomer’s most important 
tool, was invented by Hans 
Lippershey about 1608. Galileo 
heard of Lippershey’s inven- 
tion, and soon improved upon 
it. In 1610 he discovered the 
four great moons of Jupiter, 
which led to the ‘longitude by 
eclipse’ method successfully 
used ashore for many years 
and experimented with at sea. 
With the 32-power telescope he 
eventually built, Galileo was 
able to observe clearly the 
motions of sun spots, by which 
he proved that the sun rotates 
on its axis. In Paris, in 1671, 
the French National Observa- 
tory was established. 

Greenwich Royal Observa- 
tory. England had no early 
privately supported observator- 


Courtesy of the Map Division of the Library of Congress. ieg such as those on the conti- 


FigurE 129b.—A reproduction of Brahe’s pelo is i 

: e rus. This in- i i 

strument was used to determine altitude and azimuth nent. The need for navigational 
simultaneously. advancement was ignored by 


' Henry VIII and Elizabeth I, but 
in 1675 Charles II, at the urging of John Flamsteed, Jonas Moore, Le Sieur de Saint- 
Pierre, and Christopher Wren, established the Greenwich Royal Observatory. Charles 
limited construction costs to £500, and appointed Flamsteed the first Astronomer Royal, 
at an annual salary of £100. The equipment available in the early years of the observa- 
tory consisted of two clocks, a “sextant’’ of seven-foot radius, a quadrant of three-foot 
ee a ORNS and the star catalog published almost a century before by Tycho 
eee ei Pate passed before Flamsteed had an instrument with which he could 
ieee atitude accurately. In 1690 a transit instrument equipped with a telescope 
ae a : as Invented by Romer, and he later added a vertical circle to the device. 

enabled the astronomer to determine declination and right ascension at the same 
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time. One of these instruments was added to the equipment at Greenwich in 1721, 
replacing the huge quadrant previously used. The development and perfection of the 
chronometer in the next hundred years added further to the accuracy of observations. 

Other national observatories were constructed in the years that followed; at 
Berlin in 1705, St. Petersburg in 1725, Palermo in 1790, Cape of Good Hope in 1820, 
Parramatta in New South Wales in 1822, and Sydney in 1855. 

U. S. Naval Observatory.—The first observatory in the United States is said to 
have been built in 1831-1832 at Chapel Hill, N.C. The Depot of Charts and Instru- 
ments, established in 1830, was the agency from which the U. S. Navy Hydrographic 
Office and the Naval Observatory evolved 36 years later. Under Lieutenant Charles 
Wilkes, the second Officer-in-Charge, the Depot about 1835 installed a small transit 
instrument for rating chronometers. The Mallory Act of 1842 provided for the 
establishment of a permanent observatory, and the director was authorized to purchase 
all such supplies as were necessary to continue astronomical study. The observatory 
was completed in 1844 and the results of its first observations were published two 
years later. Congress established the Naval Observatory as a separate agency in 
1866. In 1872 a refracting telescope with a 26-inch aperture, then the world’s largest, 
was installed. The observatory, located at Washington, D. C., has occupied its 
present site since 1893. 

The Mount Wilson Observatory of the Carnegie Institution of Washington was 
built in 1904-05. The observatory’s 100-inch reflector telescope opened wider the 
view of the heavens, and enabled astronomers to study the movements of celestial 
bodies with greater accuracy than ever before. But a still finer tool was needed, and 
in 1934 the 200-inch reflector for the Palomar Mountain Observatory was cast. The 
six-million-dollar observatory was built by the Rockefeller General Education Board 
for the California Institute of Technology, which also operates the Mount Wilson Ob- 
servatory. The 200-inch telescope makes it possible to see individual stars 20,000,000 
light-years away and galaxies at least 1,600,000,000 light-years away. 

As with earlier instruments, the telescope has about reached the limit of practical 
size. Present efforts are being directed toward application of the electron microscope 
to the telescope, to increase the range of present instruments. 

130. Almanacs.—From the beginning, astronomers have undoubtedly recorded 
the results of their observations. Tables computed from such results have been known 
for centuries. The work of Hipparchus, in the second century BC, and Ptolemy, 
in his famous Almagest, are examples. Then the Toledan Tables appeared in AD 
1080, and the Alfonsine Tables in 1252. Even with these later tables, however, few 
éopies were made, for printing had not yet been invented, and those that were available 
were kept in the hands of astronomers. Not until the 15th century were the first 
almanacs printed and made available to the navigator. In Vienna, in 1457, George 
Purbach issued the first almanac. Fifteen years later the Nuremberg Observatory, 
under Regiomontanus, issued the first of the ephemerides it published until 1506. 
These tables gave the great maritime explorers of the age the most accurate information 
available. In 1474 Abraham Zacuto introduced his Almanach Perpetuum (fig. 130a) 
which contained tables of the sun’s declination in the most useful form yet available 
to the mariner. Tabulae Prutenicae, the first tables to be calculated on Copernican 
principles, were published by Erasmus Reinhold in 1551 and gave the mariner a clearer 
picture of celestial movements than anything previously available. The work of 
Brahe and Kepler at the Uraniburgum Observatory provided the basis for the 
publication of the Rudolphine Tables in 1627. 

Still, the information contained in these books was intended primarily for the use 
of the astronomer, and the navigator carried the various tables only that he might 
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make use of the portions applicable to his work. The first official almanac, Con- 
naissance des Temps, was issued by the French National Observatory in 1696. The 
French Observatory rose to its greatest prominence during the 20 years that Urbain 


Leverrier held the position of director. 


In 1767 the British Nautical Almanac was first published. Nevil Maskelyne 
was then Astronomer Royal, and he provided the navigator with the best information 


available. 
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Courtesy of the John Carter Brown Library, Brown University. 


FicurE 130a.—An excerpt from the Portuguese 
Regimento do estrolabio e do quadrante of about 
1509, giving the sun’s declination and other 
data based upon Zacuto’s calculations for the 
month of March. The first day of spring, the 
llth by the Julian calendar then in use, is 
marked by the symbol of Aries, the ram (7). 


major stars were given for the first of each month. 


tances were omitted. 


The book contained tables of the sun’s declination, and corrections to the 


observed altitude of Polaris. The moon’s 
position relative to other celestial bodies 
was included at 12-hour intervals, and 
lunar distance tables gave the angular 
distance between the moon and certain 
other bodies at three-hour intervals. 

For almost a hundred years the 
British Nautical Almanac was the one 
used by American navigators, but in 1852 
the Depot of Charts and Instruments 
published the first American Ephemeris 
and Nautical Almanac, for the year 1855. 

Early American almanacs were dis- 
tinguished by their excessive detail in some 
cases and shortage of data of importance 
to the navigator in others. Declination 
was given to the nearest 0"1 and the equa- 
tion of time to the nearest 0°01. Most 
figures were given only for noon at 
Greenwich, and a tedious interpolation 
was involved in converting the informa- 
tion to that at a given time at the 
longitude of the observer. Lunar dis- 
tances were given at three-hour intervals. 
Few star data were listed (fig. 130b). 

Since 1858 the American Nautical 
Almanac has been printed without the 
ephemeris section, that part of value 
chiefly to astronomers. Until 1908 the 
positions of the brighter stars were given 
only for January Ist, and in relation to 
the meridian of Washington. Beginning 
in that year, the apparent places of 55 
In 1913, the tables of lunar dis- 


In 1919, sunrise and sunset tables were added. 


One of the greatest inconveniences involved in using the old almanacs was the 


astronomical day, which began at noon of the civil day of the same date. This system 
was abolished in 1925, and the United States adopted the expression ‘‘civil time’ to 
designate time by the new system. Greenwich hour angle was first published for the 
moon in the Lunar Ephemeris for Aviators for the last four months of 1929. This pubhi- 
cation became a supplement to the Nautical Almanac in 1931, and for 1932 the two 
were merged. 

The Air Almanac, designed by Lieutenant Commander P. V. H. Weems, was 
published for 1933, giving Greenwich hour angle for all bodies included. For 1934 
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this information was given in the Nautical Almanac, and the Air Almanac was dis- 
continued. The first British air almanac was published for the last quarter of 1937, 
and modified for 1939 with features followed closely in the first American Air Almanac, 
for 1941. In 1950 a revised Nautical Almanac appeared, patterned after the popular 
American Air Almanac. Starting with the 1953 edition, the British and American air 
almanacs were combined in a single publication. In that year the United States 
reverted to the expression ‘mean time”’ in place of ‘civil time.” In 1958, the British 
and American nautical almanacs 


were combined, and in 1960, the FIXED STARS, 1856. 
name was standardized. 
131. The navigational tri- MEAN PLACES OF 100 PRINCIPAL FIXED STARS, FOR 


: JANUARY 1, 1855. 
angle.—It is customary for 


: Star's Name, Mag. | Right Ascension. | An. Variation, Declination, An. Variation. 
modern navigators to reduce epee rs 


hom. o. aaa 7. aeromhy ea ol wedeel 
. . . a ANDROMEDE — . 21 0 0 53.97|+ 3.067] +28 17 25.3, +15.93 
their celestial observations by || 5 prcasi (Aigentd) | 32] 0 5 46.37] 3.085] +1422 381] 20.05 
solving the triangle whose points || #lydi .  . | 3] 0B 3 3.292] —78 423.1} 20.23 
a CaASSIOPEE var. 0 32 18.36 3.356] +55 44 29.2; 19.83 
are the elevated pole, the celes- || 6 Ceti 2 | 0 36 1845) 3.016] —18 47 0.1] 19.86 
tial body, and the zenith of the | «Uns. Mix. (Polaris)| 2 1 6 29.82 +18.117] +88 82 11.8] +19.28 
: . # Get oe oe '57| 3.000] — 8 5558.6, 18.74 
observer. The sides of this | % Erdani (Achernar) 1)" varrie4s 2.238] —57 58 282) 18.59 
> j a ARiETIS. , 0.44 3.365] -+-22 46 28.4) 17.29 
triangle are the polar distance Cet” 3.4] 235 47.42) 3102] 237194] 15.44 
of the body (codeclination), its 
bce ; a Cert 23] 2 54 42.21/+ 3.129] + 331 4.7| +14.40 
zenith distance (coaltitude), and a PERSEL 2] 3 33 59.52] 4.243] 4920268] 13.25 
: . 9 Tauri 3 | 3 38 52.31] 3.553] 423 39 11.0 11.54 
the polar distance of the zenith | Rrdni. ©. | 3] 351 1591| 2796] —13 55 26.7| 10.59 
(colatitude of the observer). a Taunt (Aldebaran)| 1 | 4 27 36.26] 3.436] +16 1249.4) 7.72 
Lunar distances. A spheri- | «Avmcz (Capella) | 1 | 5 5 59.03|-+ 4.423] +45 50 41.8) + 4.27 
i B Onions (Rigel) 1 5 7 31.23 2.884] — 8 22 22.5 4.54 
cal triangle was first used at B Tao ba as 2 5 1 7.12| 3.791] +28 28 48.3) 3.55 
é : : 3 Onionis 5 24 36.06] 3.066] — 024 37.8] 3.05 
sea in solving lunar distance a Leporis 3 | 5 26 20.19| 2.648] —17 55 46.0) 2.94 
ee : seen Ora), Outons 2] 5 28 si4a/+ sou] — 117 54.6| + 2.71 
neous serva- a Columbe . 34 24.05| 2.177 913.3] 2.23 
aie y simulta m 2 a ORIONIS var. 5 47 19.35 3.249] + 7 22 32.6] + 1.11 
tions were made of the altitudes »Geminoum  . | 3 | 6 14.11.30] 3.636] +22 34 59.9] — 1.37 
Set athoicarnnidy thorauinorhs a Argus (Canopus) | 1 | 6 20 44.13; 1.330] —52.37 4.7/ — 1.81 
wee 51 (Hev.) Cephei . | 5 | 6 31 6.10|+90.650] +87 15 7.9] — 2.80 
star near the ecliptic, and se a Canis Mas. (Sirius)) 1 | 6 98 45.60| 2.646] —16 81 12.8 4.52 
] e « Canis Majoris . 2.1] 6 52 55.69 2.360] —28 46 40.3 4.58 
angular distance between t 3Geminorum. | 34] 7 1127.65} 3.597 +22 1441.7] 6.16 
moon and the other body. The | e'Gew:nox. (Castor) | 2.1] 7 25 20.49) 3.841) 3212 62) 7.37 
zenith of the observer and the | heii my 4 7 a1 42.52 2 9.145 = Bape & 8.79 
s . EMINOR. Ollur . i) si ls . p 
two celestial bodies formed the | \5 atgus (Polar) |) 3 1 g229| 2.557) —23 59205) 10.06 
: ; « Hydre 34] 8 39 5.74 3.189] + 6 ‘ 
Sens of a poeta (atu. | « Ursce Majoris . 3 | 8 49 15.44, 4.123] +48 36 26.7| 13.78 
sides were the two coaititudaes  } 
. UArguetlpee. fear) 1918 $20al 4. 1.003] 68.40 3.3) —-1491 
and the angular distance be- Peat 2 | 9 202765) 2951 8 at 668 15.36 
‘ Majors. | 3 | 9 23 7.85, 4.048] + t ot 
tween the bodies. By means { ¢yreMeome - | 3 | 9 37 36.82] 3.424] 24 26 22.0 16.34 
of a mathematical calculation a Leonis (Regulus) 1.2] 10 O 38.72 3.205] +12 40 26.4 17.40 


the navigator ‘cleared’ this | Argus. - | 2 | 10 99 2675+ 2,306] —58 55 21.5] —18.74 


distance of the effects of refrac- ae ede Bard aR ION iol wat 
H ; Figure 130b.—Star data from the Nautica ac. 
tion and parallax applicable be The annual corrections in declination and right ascension 


each altitude, and other errors. can be used to obtain reasonably correct values today. 
The corrected value was then , 

used as an argument for entering the almanac, which gave the true lunar distance from 
the sun and several stars at three-hour intervals. 

Previously, the navigator had set his watch or checked its error and rate, which 
could be relied upon for short periods, with the local mean time determined by celestial 
observations. The local mean time of the watch, properly corrected, applied to the 
Greenwich mean time obtained from the lunar distance observation, gave the longitude. 
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The mathematics involved was tedious, and few mariners were capable of solving 
the triangle until Nathaniel Bowditch published his simplified method in 1802 in The 
New American Practical Navigator. Chronometers were reliable by that time, but their 
high cost prevented their general use aboard the majority of naval and merchant ships. 
Using Bowditch’s method, however, most navigators, for the first time, could determine 
their longitude, and so eliminate the need for parallel sailing and the lost time associ- 
ated with it. The popularity of the lunar distance method is indicated by the fact 
that tables for its solution were carried in the American Nautical Almanac until the 
second decade of the 20th century. 

The determination of latitude was considered a separate problem, usually solved 
by means of a meridian altitude or an observation of Polaris. 

The time sight. The theory of the time sight (art. 2106) had been known to 
mathematicians since the dawn of spherical trigonometry, but not until the chronometer 
was developed could it be used by mariners. 

The time sight made use of the modern navigational triangle. The codeclination, 
or polar distance, of the body could be determined from the almanac. The zenith 
distance (coaltitude) was determined by observation. If the colatitude were known, 
three sides of the triangle were available. From these the meridian angle was com- 
puted. The comparison of this with the Greenwich hour angle from the almanac 
yielded the longitude. 

The time sight was mathematically sound, but the navigator was not always 
aware that the longitude determined was only as accurate as the latitude, and together 
they merely formed a point on what is known today as a line of position. H the ob- 
served body was on the prime vertical, the line of position ran north and south and a 
small error in latitude generally had little effect on the longitude. But when the body 
was close to the meridian, a small error in latitude produced a large error in longitude. 

The line of position by celestial observation (art. 1703) was unknown until dis- 
covered in 1837 by 30-year-old Captain Thomas H. Sumner, a Harvard graduate and 
son of a United States Congressman from Massachusetts. The discovery of the “‘SSum- 
ner line,” as it is sometimes called, was considered by Maury ‘‘the commencement of 
a new era in practical navigation.’”” In Sumner’s own words, the discovery took 
place in this manner: 

“Having sailed from Charleston, S. C., 25th November, 1837, bound to Greenock, 
a series of heavy gales from the Westward promised a quick passage; after passing the 
Azores, the wind prevailed from the Southward, with thick weather; after passing 
Longitude 21° W., no observation was had until near the land; but soundings were had 
not far, as was supposed, from the edge of the Bank. The weather was now more 
boisterous, and very thick; and the wind still Southerly; arriving about midnight, 
17th December, within 40 miles, by dead reckoning, of Tusker light; the wind hauled 
S. K., true, making the Irish coast a lee shore; the ship was then kept close to the 
wind, and several tacks made to preserve her position as nearly as possible until day- 
light; when nothing being in sight, she was kept on E. N. E. under short sail, with heavy 
gales; at about 10 A. M. an altitude of the sun was observed, and the Chronometer time 
noted ; but, having run so far without any observation, it was plain the Latitude by dead 
reckoning was liable to error, and could not be entirely relied on. 

“Using, however, this Latitude, in finding the Longitude by Chronometer, it was 
found to put the ship 15’ of Longitude, E. from her position by dead reckoning; which in 
Latitude 52° N. is 9 nautical miles; this seemed to agree tolerably well with the dead 
reckoning ; but feeling doubtful of the Latitude, the observation was tried with a 
Latitude 10’ further N., finding this placed the ship E. N. E. 27 nautical miles, of the 
former position, it was tried again with a Latitude 20’ N. of the dead reckoning; this 
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Figure 131.—The first celestial line of position, obtained by Captain Thomas Sumner in 1837. 


also placed the ship still further E. N. E., and still 27 nautical miles further ; these three 
positions were then seen to lie in the direction of Small’s light. It then at once appeared, 
that the observed altitude must have happened at all the three points, and at Small’s 
light, and at the ship, at the same instant of time; and it followed, that Small’s light must 
bear E. N. E., if the Chronometer was right. Having been convinced of this truth, the 
ship was kept on her course, E. N. E., the wind being still S. E., and in less than an hour, 
Small’s light was made bearing E. N. E. % E., and close aboard.” 

In 1843 Sumner published his book, A New and Accurate Method of Finding a 
Ship’s Position at Sea by Projection on Mercator’s Chart, which met with great acclaim. 
In it he proposed that a single time sight be solved twice, as he had done (fig. 131), 
using latitudes somewhat greater and somewhat less than that arrived at by dead reckon- 
ing, and joining the two positions obtained to form the line of position. It is significant 
that Sumner was able to introduce this revolutionary principle without seriously up- 
setting the method by which mariners had been navigating for years. Perhaps he 
realized that a better method could be derived, but almost certainly navigators would 
not have accepted the line of position so readily had he recommended that they abandon 


altogether the familiar time sight. 
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The Sumner method required the solution of two time sights to obtain each line 
of position. Many older navigators preferred not to draw the lines on their charts, 
but to fix their position-mathematically by a method which Sumner had also devised 
and included in his book. This was a tedious procedure, but a popular one. Lecky 
recommended the method, and it was still in use early in the 20th century. 

The alternative to working two time sights in the Sumner method was to determine 
the azimuth of the body and to draw a line perpendicular to it through the point 
obtained by working a single time sight. Several decades after the appearance of 
Sumner’s book, this method was made available to navigators through the publication 
of accurate azimuth tables, and the system was widely used until comparatively recent 
times. The 1943 edition of the American Practical Navigator included examples of its 
use. The two-minute azimuth tables still found on many ships were designed 
principally for this purpose. The mathematical solution for azimuth was not at first 
a part of the time sight. 

132. Modern methods of celestial navigation—Sumner gave the mariner the 
line of position; St.-Hilaire the altitude difference or intercept method. Others who 
followed these men applied their principles to provide the navigator with rapid means 
for determining his position. The new navigational methods developed by these 
men, although based upon work done earlier, are largely a product of the 20th century. 

Four hundred years ago Pedro Nunes used a globe to obtain a fix by two altitudes 
of the sun, and the azimuth angles. Fifty years later Robert Hues determined his 
latitude on a globe by using two observations and the time interval between them. 
G. W. Littlehales, of the U. S. Navy Hydrographic Office, advocated using a stere- 
ographic projection to obtain computed altitude and azimuth in his Altitude, Azimuth, 
and Geographical Position, published in 1906. 

Various graphic and mechanical methods have also been proposed. Of these, 
only one, the Star Altitude Curves of Captain P. V. H. Weems, USN (Ret.), has had 
wide usage, almost entirely among aviators. During World War II, some aircraft 
were fitted with a device called an “astrograph,’”’ which projected star altitude curves 
from film upon a special plotting sheet. The curves could be moved to allow for the 
earth’s rotation. When they were properly oriented, part of the line of position could 
be traced on the plotting sheet. More generally, however, the navigational triangle 
has been solved mathematically or by the use of tables. 

Spherical trigonometry is the basis for solving every navigational triangle, and 
poet oe ey years ago the navigator had no choice but to completely solve each 
me e himself. The cosine formula is a fundamental spherical trigonometry formula 

y which the navigational triangle can be conveniently solved. This formula was 
saree tut i in lunar distance solutions when they were first introduced, but, 
oie i ver Pie be eee are obtained when the azimuth is close to 90° or 270°, 
AIG eae eikaeat rainy i” iat haversine, which has the advantage of increasing 
ee ane : o 180°. The cosine-haversine formula (art. 2109) was used 

gators until recent years. 

Pies : a es me te century the “short” methods began to appear. About 
ae Nae d Se fe ! ritish Ora Navy published his book On Finding the 
vateked heey guude wn Cloudy Weather. No plotting was involved in Johnson’s 

) e made use of the principle that a single time sight be worked, rather 
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than the two that Sumner proposed, and the line of position drawn through the point 
thus determined. 

In 1879 Percy L. H. Davis, of the British Nautical Almanac Office, and Captain 
J. E. Davis collaborated on a Sun’s True Bearing or Azimuth Table, which enabled the 
navigator to lay down a line of position using a computed azimuth. Chronometer 
Tables, published by Percy Davis 20 years later, covered latitudes up to 50° and gave 
local hour angle values for selected altitudes to one minute of arc. In 1905 his Requisite 
Tables were issued, enabling the mariner to “solve spherical triangles with three variable 
errors.” 

These were the first of a large number of “short’”’ solutions which followed the 
work of Marcq St.-Hilaire. Generally, they consist of adaptations of the formulas 
of spherical trigonometry, and tables of logarithms in a convenient arrangement. It 
is customary for such methods to divide the navigational triangle into two right spher- 
ical triangles by dropping a perpendicular from one vertex to the side opposite. In 
some methods, partial solutions are made and the results tabulated. Aquino and 
Braga of Brazil; Ball, Comrie, Davis, and Smart of England; Bertin, Hugon, and 
Souillagouet of France; Fuss of Germany; Ogura and Yonemura of Japan; Blackburne 
of New Zealand; Pinto of Portugal; Garcia of Spain; and Ageton, Driesonstok, Gingrich, 
Rust, and Weems of the United States are but a few of those providing such solutions. 
Although “inspection tables” have largely superseded them, many of these “short” 
methods are still in use, kept alive largely by the compactness of their tables and the 
universality of their application. They are an intermediate step between the tedious 
earlier solutions and the fast tabulated ones, and they encouraged the navigator to 
work to a practical precision. The earlier custom of working to a precision not justified 
by the accuracy of the information used created a false sense of security in the mind 
of some navigators, especially those of little experience. 

A book of tabulated solutions, from which an answer can be extracted by inspec- 
tion, is not a new idea. Lord Kelvin, generally considered the father of modern 
navigational methods, expressed interest in such a method. However, solution of the 
many thousands of triangles involved would have made the project too costly if done 
by hand. Electronic computers have provided a practical means of preparing tables. 
In 1936 the first published volume of H.O. Pub. No. 214 was made available, and later 
HO. Pub. No. 249 was provided for air navigators. British Admiralty editions of both 
these sets of tables have been published. Editions of H.O. Pub. No. 214 have also been 
published by the Instituto Hidrographico de la Marina, Cadiz, Spain, and by the 
Istituto Idrografico della Marina, Genova, Italy. 


Electronic Navigation 


133. Electricity——Twenty-five hundred years ago Thales of Miletus commented 
on basic electrical phenomena, but more than two millenniums passed before men first 
approached an understanding of electricity and the uses to which it could be put. 

Until about 1682 the only known method of creating electricity was by rubbing 
glass with silk or amber with wool. Then Otto von Guericke of Magdeburg invented 
an “electric machine” and made possible the creation of electricity for experimental 
work. The Leyden jar, the electrical condenser (or machine) commonly used today, 
had its origin in 1745 when its principle was accidentally discovered independently by 
P. van Musschenbroek, of the University of Leyden, and von Kleist. 

Stephen Gray, about 1729, demonstrated the difference between conductors and 
non-conductors, or insulators, and ten years later Hawkesbee and DuFay, working 
independently, each discovered the positive and negative qualities of electricity. 
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In the middle of the 18th century Sir William Watson of England, developer of 
the Leyden jar in essentially its present form, sent electricity more than two miles by 
wire. Whether Watson was aware of the tremendous possibilities his experiment 
demonstrated is not known. Twenty-five years later, about 1774, Lesage devised 
what is believed to have been the first method of electrical communication. He had 
a separate wire for each letter of the alphabet and momentarily charged the appropriate 
wire to send each letter. 

A German scholar, Francis Aepinus (1728-1802), was the first to recognize the 
reciprocal relationship of electricity and magnetism. In 1837 Karl Gauss and Wilhelm 
Weber collaborated in inventing a reflecting galvanometer for use in telegraphic work, 
which was the forerunner of the galvanometer at one time employed in submarine 
signaling. Michael Faraday (1791-1867), in a lifetime of experimental work, con- 
tributed most of what is known today in the field of electromagnetic induction. In 
1864 James Clerk Maxwell of Edinburgh made public his electromagnetic theory of 
light. Many consider it the greatest single advancement in man’s knowledge of 
electricity. 

134. Electronics.—In 1887 Heinrich Hertz provided the proof of Maxwell’s theory 
by producing electromagnetic waves and showing that they could be reflected. A 
decade later Joseph J. Thomson discovered the electron and so provided the basis for 
the development of the vacuum tube by Fleming and DeForest. In 1899 R. A. Fes- 
senden pointed out that directional reception of radio signals was possible if a single 
coil or frame aerial was used as the receiving antenna. In 1895 Guglielmo Marconi 
transmitted a ‘wireless’? message a distance of about one mile. By 1901 he was able 
to communicate between stations more than 2,000 miles apart. The following year 
Arthur Edwin Kennelly and Oliver Heaviside introduced the theory of an ionized 
layer in the atmosphere and its ability to reflect radio waves. Pulse ranging had its 
origin in 1925 when Gregory Breit and Merle A. Tuve used this principle to measure 
the height of the ionosphere. 

135. Application of electronics to navigation.—Perhaps the first application of 
electronics to navigation was the transmission of radio time signals (art. 1909) in 1904, 
thus permitting the mariner to check his chronometer at sea. Telegraphic time signals 
had been sent since 1865, providing a means of checking the chronometer in various 
ports. 

Next, radio broadcasts providing navigational warnings, begun in 1907 by the 
U.S. Navy Hydrographic Office, helped increase the safety of navigation at sea. 

By the latter part of World War I the directional properties of a loop antenna 
were successfully utilized in the radio direction finder (art. 1202). The first radiobeacon 
was installed in 1921. 

Karly 20th century experiments by Behm and Langevin led to the development, 
by the U.S. Navy, of the first practical echo sounder (art. 619) in 1922. 

As early as 1904, Christian Hulsmeyer, a German engineer, obtained patents in 
several countries on a proposed method of utilizing the reflection of radio waves as an 
obstacle detector and a navigational aid to ships. Apparently, the device was never 
constructed. In 1922 Marconi said, “It seems to me that it should be possible to 
design apparatus by means of which a ship could radiate or project a divergent beam 
of these rays (electromagnetic waves) in any desired direction, which rays if coming 
across a metallic object, such as another ship, would be reflected back to a receiver 
screened from the local transmitter on the sending ship, and thereby immediately 
reveal the presence and bearing of the other ship in fog or thick weather.” 

In that same year of 1922 two scientists, Dr. A. Hoyt Taylor and Leo C. Young, 
testing a communication system at the Naval Aircraft Radio Laboratory at 
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Anacostia, D. C., noted fluctuations in the signals when ships passed between stations 
on opposite sides of the Potomac River. Although the potential value of the discovery 
was recognized, work on its exploitation did not begin until March 1934, when Young 
suggested to Dr. Robert M. Page, an assistant, that this might bear further investi- 
gation. By December, Page had constructed a pulse-signal device that determined 
the positions of aircraft. This was the first radar (art. 1208). In the spring of 1935 
the British, unaware of American efforts, began work in this field, and developed 
radar independently. In 1937 the USS Leary tested the first seagoing radar. In 1940 
United States and British scientists combined their efforts, resulting in more rapid 
progress. Probably no scientific or industrial development in history expanded so 
rapidly in all phases—research, development, design, production, trials, and training— 
and on such a scale. In 1945, at the close of hostilities of World War IJ, radar was 
made available for commercial use. 

Meanwhile, the pulse technique upon which radar is based was utilized for other 
navigational aids. Work on loran (art. 1302) began at the Radiation Laboratory at 
the Massachusetts Institute of Technology in 1941. By the end of 1942 the first 
stations had been established, in the North Atlantic. Installations in the Aleutians 
and the South Pacific soon followed. With the termination of hostilities, loran, like 
radar, was made available for public use. A somewhat similar system, gee (art. 1308), 
was developed simultaneously in Great Britain. Another pulse system, shoran (art. 
1213), was developed by the United States for bombing through undercast. Following 
World War II this aid was further perfected and used for measurement of distances 
in surveying. A lower frequency, longer range system called electronic position indi- 
cator (EPI) (art. 1213) was developed by the U. S. Coast and Geodetic Survey for use 
in locating survey ships a considerable distance offshore. Another American develop- 
ment, Raydist (arts. 1214, 1311), is used in accurate measurement of distance for 
surveying and for ship speed trials. Raydist; Decea (art. 1309), a British hyperbolic 
system of high accuracy used for navigation and surveying; and lorae (art. 1310), a 
somewhat similar American system, use continuous waves, rather than pulses. Not 
only are such devices improving the accuracy of charted features, but they may well 
apply directly to geodesy, permitting a more accurate determination of the size and 
shape of the earth, for they make possible measurement of distances across previously 
inaccessible terrain. 

A rotating electronic beam was utilized during World War II in the German navi- 
gation system called sonne (art. 1206), later further perfected by the British under the 
name consol (art. 1206). 

In air navigation electronics was used to develop an automatic direction finder. 
Four-course radio ranges (art. 1207) and the more recent vortac (art. 1207) have 
been used to mark the federal airways. Electronics has various applications to traffic 
control in congested areas, and in low-visibility approach systems permitting landings 
under conditions of reduced horizontal and vertical visibility. 

Electronics permits measurement of weather conditions at various heights and 
distances from observing stations, and the transmission of observations from isolated 
stations to weather centrals. Radar is permitting study of the structure and movement 
of thunderstorms. 

High-speed electronic computers make practicable the modern inspection table, and 
rapidly perform lengthy computations which make it possible for loran tables and charts 
to become available to the navigator almost as soon as new stations are operational. 

The application of electronics to navigation is almost limitless. Many systems 
not mentioned have been suggested, and undoubtedly new ones will be operational in 
the future. 
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Conclusion 


136. Navigation has come a long way, but there is no evidence that it is nearing 
the end of its development. Progress will continue as long as man remains unsatisfied 
with the means at his disposal. 

Perhaps the best guides to the future are the desires of the present, for a want 
usually precedes an acquisition. Pytheas and his contemporaries undoubtedly dreamed 
of devices to indicate direction and distance. The 16th century navigator had these, 
and wanted a method of determining longitude at sea. The 18th century navigator 
could determine longitude, but found the task a tedious one, and perhaps longed to be 
freed from the drudgery of navigation. The modern navigator is still seeking further 
release from the work of navigation, and now wants to be freed from the limitations of 
weather. 

There is little probability of further major development in the simplification of 
tables for celestial navigation. Further release from the work of navigation is more 
likely to come through another approach—automation. 

This process might be said to have started with the application of electronics to 
computation. The direct use of electronics in navigation is more spectacular, but in 
this it is vulnerable to jamming by an unfriendly power, intentional or accidental 
mechanical damage, natural failure, propagation limitations in certain areas and at 
certain times, and accuracy limitations at long ranges. 

In the future, it is likely that electronics will be applied increasingly as an additional 
source of energy to extend the range of usefulness of other methods, rather than to re- 
place them. To date electronics has been related primarily to piloting, extending its 
range far to sea, and permitting its use in periods of foul weather. In the future it can 
be expected to play an increasingly important role in the field of dead reckoning and 
celestial navigation. Inertial and Doppler systems (art. 809) are under development 
for use in guided missiles and aircraft, and a geomagnetic electrokinetograph (GEK) 
(art. 611) has been developed to measure the cross component of a current by means 
of two electrodes towed astern a vessel, utilizing the earth’s magnetic field. Radio 
astronomy (art. 1102) may provide a practical means of determining position astro- 
nomically through overcast. Star trackers and electronic recorders and computers may 
further extend the application of electronics to celestial navigation. 

It is not inconceivable that a fix may someday be automatically and continuously 
available, perhaps on latitude and longitude dials. However, when this is accomplished, 
by one or a combination of systems, it will be but a short additional step to feed this 
information electronically to a pen which will automatically trace the path of the vessel 
ACrOss a chart. Another short step would be to feed the information electrically to a 
device to control the movements of the vessel, so that it would automatically follow 
a predetermined track. 

When this has been accomplished, new problems will undoubtedly arise, for it is 
not likely that the time will ever come when there will be no problems to be solved. 

137. The navigator.—It might seem that when complete automation has been 
achieved, all of the work of the navigator will have been eliminated. However, advance 
eee of Ss and schedule will undoubtedly require human intelligence. So will 
atte ue aEEe tT le en route, and the alteration of schedule when circumstances 
Race es rable. Unless the automatic system can be made 100 percent reliable— 

prospect for the foreseeable future—it will need checking from time to time, 


ra provision will have to be made for other, perhaps cruder, methods in the event of 
ailure. 


HISTORY OF NAVIGATION 61 


Until such time as mechanization may become complete and perfect, the prudent 
navigator will not permit himself to become wholly dependent upon ‘‘black boxes” 
which may fail at crucial moments, or ready-made solutions that may not be available 
when most needed. Today and in the future, as in the past, a knowledge of fundamental 
principles is essential to adequate navigation. If the navigator contents himself with 
the ability to read dials or look up answers in a book, he will be of questionable value. 
His future, if he has one, will be in jeopardy. 

Human beings who entrust their lives to the skill and knowledge of a navigator are 
entitled to expect him to be capable of handling any reasonable emergency. When 
his customary tools or methods are denied him, they have a right to expect him to have 
the necessary ability to take them safely to their destination, however elementary the 
knowledge and means available to him. 

The wise navigator uses all reliable aids available to him, and seeks to understand 
their uses and limitations. He learns to evaluate his various aids when he has means 
for checking their accuracy and reliability, so that he can adequately interpret their 
indications when his resources are limited. He stores in his mind the fundamental 
knowledge that may be needed in an emergency. Machines may reflect much of the 
science of navigation, but only a competent human can practice the art of navigation, 
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CHAPTER II 


BASIC DEFINITIONS 


201. Navigation is the process of directing the movements of a craft from one 
point to another. The word navigate is from the Latin navigatus, the past participle 
of the verb navigere, which is derived from the words navis, meaning “ship,’’ and 
agere, meaning “to move” or “‘to direct.” Navigation of water craft is called marine 
navigation to distinguish it from navigation of aircraft, called air navigation. Naviga- 
tion of a vessel on the surface is sometimes called surface navigation to distinguish it 
from underwater navigation of a submerged vessel. The expression submarine naviga- 
tion is applicable to a submarine, whether submerged or on the surface. Navigation of 
vehicles across land or ice is called land navigation. The expression lifeboat navigation 
is used to refer to navigation of lifeboats or life rafts, generally involving rather crude 
methods. The expression polar navigation refers to navigation in the regions near the 
geographical poles of the earth, where special techniques are employed. 

The principal divisions of navigation are as follows: 

Dead reckoning is the determination of position by advancing a known position 
for courses and distances. A position so determined is called a dead reckoning position. 
It is generally accepted that the course steered and the speed through the water should 
be used, but the expression is also used to refer to the determination of position by 
use of the course and speed expected to be made good over the ground, thus making an 
estimated allowance for disturbing elements such as current and wind. A position 
so determined is better called an estimated position. The expression “dead reckoning”’ 
probably originated from use of the Dutchman’s log, a buoyant object thrown over- 
board, to determine the speed of the vessel relative to the object, which was assumed 
to be dead in the water. Apparently, the expression deduced reckoning was used 
when allowance was made for current and wind. It was often shortened to ded 
reckoning and the similarity of this expression to dead reckoning was undoubtedly the 
source of the confusion that is still associated with these expressions. 

. Piloting (or pilotage) is navigation involving frequent or continuous determina- 
tion of position or a line of position relative to geographic points, to a high order of 
accuracy. It is practiced in the vicinity of land, dangers, aids to navigation, etc., and 
requires good judgment and almost constant attention and alertness on the part of the 
navigator. 

Electronic navigation involves the use of electronic equipment in any way. It 
may be called radio navigation if any form of radio is used. Sonic navigation, involving 
the use of sound waves, becomes part of electronic navigation when electronic equip- 
ment is used in the control, production, transmission, reception, or amplification of 
sound signals. Electronic navigation overlaps piloting, and as electronic equipment is 
developed to make celestial observations (art. 1102), it becomes intimately associated 
with celestial navigation. 

Celestial navigation is navigation using information obtained from celestial bodies. 

202. The earth is approximately an oblate spheroid (a sphere flattened at the 
poles). Its dimensions and the amount of flattening are not known exactly, but the 


values determined by the English geodesist A. R. Clarke in 1866, as defined by the 
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U.S. Coast and Geodetic Survey in 1880, 
are used for charts of North America. Ac- 
cording to these dimensions the longer or 
equatorial radius, a, is 3,443.96 nautical, or 
3,963.23 statute, miles and the shorter or po- 
lar radius, b, is 3,432.28 nautical, or 3,949.80 
ABN) 

3 
is3,440.07nautical,or3,958.76statute,miles. 
The “oblateness” or amount of flattening is 
a—b_ 11.68 tl 1 : 

= =——, or if a and b 

a 3443.96 295 294.98 

are computed to additional decimal places. 
For many navigational purposes the earth 
is assumed to be a sphere, without intoler- 
able error. 

The axis of rotation or polar axis of 
the earth is the line connecting the north 
pole and the south pole. 

203. Circles of the earth.—A great 
circle is the line of intersection of a sphere 
and a plane through the center of the 
sphere. This is the largest circle that can 
be drawn on a sphere. The shortest line 
on the surface of a sphere between two 
points on that surface is part of a great 
circle. On the spheroidal earth the short- 


statute, miles. The mean radius ( 
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Fiaure 203a.—The planes of the meridians meet 
at the polar axis. 


est line is called a geodesic. A great circle is a near enough approximation of a geo- 


desic for most problems of navigation. 


A small circle is the line of intersection of a sphere and a plane which does not 


Figure 203b.—Circles and coordinates of the 


earth. All parallels except the equator are 
small circles; the equator and meridians are 
great circles. 


pass through the center of the sphere. 

A meridian is a great circle through the 
geographical poles of the earth. Hence, all 
meridians meet at the poles, and their planes 
intersect each other in a line, the polar axis 
(fig. 203a). The term meridian is usually 
applied to the upper branch only, that half 
from pole to pole which passes through a 
given point. The other half is called the 
lower branch. 

The prime meridian is that meridian 
used as the origin for measurement of longi- 
tude (fig. 203b). The prime meridian used 
almost universally is that through the 
original position of the British Royal Ob- 
servatory at Greenwich, near London. 

The equator is the terrestrial great 
circle whose plane is perpendicular to 
the polar axis (fig. 203c). It is midway 
between the poles. 
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A parallel or parallel of latitude is a circle on the surface of the earth, parallel to 
the plane of the equator (fig. 203d). It connects all points of equal latitude. The 


Figure 203c.—The equator is a great circle midway between the poles. 


equator, a great circle, is 
a limiting case connecting 
points of 0° latitude. The 
poles, single points at lati- 
tude 90°, are the other 
limiting case. All other 
parallels are small circles. 

204. Position on the 
earth.—A position on the 
surface of the earth (except 
at either of the poles) may 
be defined by two magni- 
tudes called coordinates. 
Those customarily used are 
latitude and longitude. A 
position may also be ex- 
pressed in relation to 
known geographical posi- 
tions. 


Latitude (L, lat.) is angular distance from the equator, measured northward or 
southward along a meridian from 0° at the equator to 90° at the poles (fig. 203b). It 
is designated north (N) or south (S) to indicate the direction of measurement. 

The difference of latitude (1) between two places is the angular length of arc of 


any meridian between their parallels (fig. 203b). 


latitudes if the places are 
on the same side of the 
equator, and the sum if 
they are on opposite sides. 
It may be designated north 
(N) or south (S) when ap- 
propriate. 

The middle or mid 
latitude (Lm) between two 
places on the same side of 
the equator is half the sum 
of their latitudes. Mid 
latitude is labeled N or S 
to indicate whether it is 
north or south of the equa- 
tor. The expression is 
occasionally used with ref- 
erence to two places on 


It is the numerical difference of the 


Figure 203d.—A parallel of latitude is parallel to the equator. 


opposite sides of the equator, when it is equal to half the difference between the two 
latitudes, and takes the name of the place farthest from the equator. However, this 
usage is misleading, as it lacks the significance usually associated with the expression. 
When the places are on opposite sides of the equator, two mid latitudes are generally 


used, the average of each latitude and 0°. 
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Longitude (A, long.) is the arc of a parallel or the angle at the pole between the 
prime meridian and the meridian of a point on the earth, measured eastward or west- 
ward from the prime meridian through 180° (fig. 203b). It is designated east (E) or 
west (W) to indicate the direction of measurement. 

The difference of longitude (DLo) between two places is the shorter arc of the 
parallel or the smaller angle at the pole between the meridians of the two places (fig. 
203b). If both places are on the same side (east or west) of Greenwich, DLo is the 
numerical difference of the longitudes of the two places; if on opposite sides, DLo is 
the numerical sum unless this exceeds 180°, when it is 360° minus the sum. The dis- 
tance between two meridians at any parallel of latitude, expressed in distance units, 
usually nautical miles, is called departure (p). It represents the distance made good 
to the east or west as a craft proceeds from one point to another. Its numerical value 
between any two meridians decreases with increased latitude, while DLo is numerically 
the same at any latitude. Either DLo or p may be designated east (E) or west (W) 
when appropriate. 

205. Distance on the earth.—Distance (D, dist.) is the spatial separation of two 
points, and is expressed as the length of a line joining them. On the surface of the 
earth it is usually stated in miles. 
Navigators customarily use the 
nautical mile (mi., M) of 1852 
meters exactly. This is the 
value suggested by the Interna- 
tional Hydrographic Bureau in 
1929, and since adopted by most 
maritime nations. It is often 
called the international nautical 
mile to distinguish it from 
slightly different values used 
by some countries. On July 1, 
1959, the United States adopted 
the exact relationship of 1 yard= 
0.9144 meter. The length of the 
international nautical mile is cou- 
sequently equal to 6,076.11549 
U. S. feet (approximately). 

For most navigational pur- 
poses the nautical mile is con- 
sidered the length of one minute = 
of latitude, or of any great circle Figure 205.—A rhumb line or loxodrome. 
of the earth, regardless of loca- 
tion. On the Clarke spheroid of 1866, used for mapping North America, the length 
of one minute of latitude varies from about 6,046 feet at the equator to approximately 
6,108 feet at the poles. The length of one minute of a great circle of a sphere having 
an area equal to that of the earth, as represented by this spheroid, is 6,080.2 United 
States feet. This was the standard value of the nautical mile in the United States 
prior to adoption of the international value. A geographical mile is the length of 
one minute of the equator, or about 6,087 feet. 

The land or statute mile (mi., m) of 5,280 feet is commonly used for navigation 
on rivers and lakes, notably the Great Lakes of North America. 

The nautical mile is about 38/33 or approximately 1.15 statute miles. A conver- 
sion table for nautical and statute miles is given in table 20. 
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Distance, as customarily used by the navigator, refers to the length of the rhumb 
line connecting two places. This is a line making the same oblique angle with all 
meridians. Meridians and parallels (including the equator) which also Maintain con- 
stant true directions, may be considered special cases of the rhumb line. Any other 
rhumb line spirals toward the pole, forming a loxodromic curve or loxodrome (fig. 205). 
Distance along the great circle connecting two points is customarily designated great- 
circle distance. 

206. Speed (S) is rate of motion, or distance per unit of time. 

A knot (kn.), the unit of speed commonly used in navigation, is a rate of one nautical 
mile per hour. The expression ‘“‘knots per hour” refers to acceleration, not speed. 

Sometimes the expression speed of advance (SOA) is used to indicate the speed 
expected to be made good over the ground, and speed over ground (SOG) the actual 
speed made good over the ground. 

207. Direction on the earth.—Direction is the position of one point relative to 
another, without reference to the distance between them. In navigation, direction is 
customarily expressed as the angular difference in degrees from a reference direction, 
usually north or the ship’s head. Compass directions (east, south by west, etc.) or points 
(of 114° or % of a circle) are seldom used by modern navigators for precise directions. 

Course (C, Cn) is the intended horizontal direction of travel, expressed as angular 
distance from north, usually from 000° at north, clockwise through 360°. Strictly, 
the term applies to direction through the water, not the direction intended to be made 
good over the ground, but in common American usage it is applied to either. Course 
made good is the single course from the point of departure to point of arrival at any 
given time. Sometimes the expression course of advance (COA) is used to indicate 
the direction expected to be made good over the ground, and course over ground 
(COG) the actual direction made good over the ground. Course line is a line extending 
in the direction of a course. 

In making computations it is sometimes convenient to express a course as an 
angle from either north or south, through 90° or 180°. In this case it is designated 
course angle (C) and should be properly labeled to indicate the origin (prefix) and 
direction of measuremeat (suffix). Thus, C N35°E = Cn 035° (000°+35°), C N155°W 
= Cn 205° (360°—155°), C S47°E = Cn 133° (180°—47°). But Cn 260° may be 
either C N100°W or C S80°W, depending upon the conditions of the problem. 

The symbol C is always used for course angle, and is usually used for course where 
there is little or no possibility of confusion. 

Track (TR) is the path actually followed by a vessel, or the path of proposed 
travel. It differs from course and course made good by including the element of distance 
as well as direction, although the term is occasionally used to refer to direction only. 
However, the path actually followed is usually a somewhat irregular line. The path 
of proposed travel consists of one or a series of course lines from the point of departure 
to the destination, along which it is intended the vessel will proceed. A great circle 
which a vessel intends to follow approximately is called a great-circle track. 

Heading (Hdg., SH) is the direction in which a vessel is pointed, expressed as 
angular distance from north, usually from 000° at north, clockwise through 360°. 
Heading should not be confused with course. Heading is a constantly changing value 
as a vessel oscillates or yaws back and forth across the course or as the direction of 
motion 1s temporarily changed, as in avoiding an obstacle. Course is a predetermined 
value and usually remains constant for a considerable time (fig. 207a). 

Bearing (B, Bn) is the direction of one terrestrial point from another, expressed 
i angular distance from a reference direction, usually from 000° at the reference 

irection, clockwise through 360°. When measured through 90° or 180° from either 
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Wind or Current 


9 Destination 


Point of Departure 


Point of 
Arrival 


Figure 207a.—Course (line), course (line) made good, track, and heading. 


north or south, it is called bearing angle (B), which bears the same relationship to 
bearing as course angle does to course. Bearing and azimuth are sometimes used inter- 
changeably, but the latter is better reserved exclusively for reference to horizontal 
direction of a point on the celestial sphere from a point on the earth. 

A relative bearing (RB) is one relative to the heading, or to the vessel itself. It is 
usually measured from 000° at the heading, clockwise through 360°. However, it is 
sometimes conveniently measured right or left from 0° at the ship’s head through 180°. 
This is particularly true when using table 7. Older methods, such as indicating the 
number of degrees or points from some part of the vessel (10° forward of the starboard 
beam, two points on the port quarter, etc.) are seldom used by modern navigators to 
indicate precise directions, except for bearings dead ahead or astern, or broad on the 
bow, beam, or quarter. 

To convert a relative bearing to a bearing from north (fig. 207b), express the rela- 
tive bearing in terms of the 0°-360° system and add the heading: 

Bn=RB+SH 


Se LES 


Figure 207b—Relative bearing. 
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Thus, if another vessel bears 127° relative from a ship whose heading is 150°, the bearing 
from north is 127°+150°=277°. If the total exceeds 360°, subtract this amount. 
To convert a bearing from north to a relative bearing, subtract the heading: 
RB=Bn—SH 
Thus, a lightship which bears 241° from north bears 241°—137°=104° relative from 
a ship whose heading is 137°. If SH is larger than Bn, add 360° to Bn before sub- 
tracting. 
Problems 


204. Given.—Point A: L 37°21/4N, » 143°18/8W; Point B: L 43°04°1N, d 
11°47/3E; Point C: L 63°24/4S, » 132°06'9E; Point D: L 2°36'6S,  168°01/2 W. 

Required.—(1) The difference of latitude between A and B, between A and C, 
and between C and D. 

(2) The difference of longitude between A and B, A and OQ, and B and C. 

Answers.—(1) lap 5 -4250.N; luc 100°45'85, lep 60°47/8N; (2) DLous 155°06/1E, 
DLouc 84°34'3 W, DLoge 120°19'6 E. 

205a. The distance between points # and F is 258.4 nautical miles. 

Required.—The distance in statute miles between points E and F (1) by proportion, 
using the ratio given in article 205; (2) by conversion factor, using the value given in 
article 205; (3) by table 20. 

Answers.—(1) D 297.6 m, (2) D 297.2 m, (3) D 297.4 m. 

205b. The distance between points @ and H is 83.3 statute miles. 

Required.—The distance in nautical miles between points G and H (1) by propor- 
tion, using the ratio given in article 205; (2) by conversion factor, using the value given 
in article 205; (3) by table 20. 

Answers.—(1) D 72.3 M, (2) D 72.4 M, (3) D 72.4 M. 

206a. A ship is steaming at 18.5 knots. 

Required.—The speed in statute miles per hour. 

Answer.—S 21.3 mph. 

206b. A motorboat is traveling at 30 statute miles per hour. 

Required.—The speed in knots. 

Answer.—S 26 kn. 

207a. Required.—Convert the following course angles to courses: (1) N127°W, 
(2) S3°W, (3) N99°R, (4)S171°E. 

Answers.—(1) Cn 233°, (2) Cn 183°, (3) Cn 099°, (4) Cn 009°. 

207b. Required.—Convert the following courses to course angles, giving the two 
possible answers of each: (1) 153°, (2) 257°. 

Answers.—(1) C N158°E or 827°E, (2) C N103°W or 877° W. 

207c. A ship is on course 151°. The following relative bearings are observed: 
(1) 006°, (2) 109°, (3) 255°, (4) broad on the port bow. 

Required.—The bearings from north. 

Answers.—(1) Bn 157°, (2) Bn 260°, (3) Bn 046°, (4) Bn 106°. 

207d. A ship is on course 244°. The following bearings from north are observed: 
(1) 041°, (2) 188°, (3) 332°. 

Required.—The relative bearings. 

Answers.—(1) RB 157°, (2) RB 304°, (3) RB 088°. 
207e. The captain of a ship on course 055° wishes to change course when a certain 
lighthouse is broad on the starboard beam. 


Required.—The bearing from north when the course is to be changed. 
Answer.—Bn 145°. 
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CHART PROJECTIONS 


General 


301. The navigator’s chart.—A map is a conventional representation, usually on 
a plane surface, of all or part of the physical features of the earth’s surface or any part 
of it. A chart is such a representation intended primarily for navigation. A nautical 
or marine chart is one intended primarily for marine navigation. It generally shows 
depths of water (by soundings and sometimes also by depth curves), aids to navigation, 
dangers, and the outline of adjacent land and such land features as are useful to the 
navigator. 

Chart making presents the problem of representing the surface of a spheroid upon 
a plane surface. The surface of a sphere or spheroid is said to be undevelopable because 
no part of it can be flattened without distortion. A map projection or chart projection 
is a method of representing all or part of the surface of a sphere or spheroid upon a 
plane surface. The process is one of transferring points on the surface of the sphere 
or spheroid onto a plane, or onto a developable surface (one that can be flattened to 
form a plane) such as a cylinder or cone. If points on the surface of the sphere or 
spheroid are projected from a single point (including infinity), the projection is said to 
be perspective or geometric. Most map projections are not perspective. 

302. Selecting a projection.—Each projection has distinctive features which make 
it preferable for certain uses, no one projection being best for all conditions. These 
distinctive features are most apparent on charts of large areas. As the area becomes 
smaller, the differences between various projections become less noticeable until on the 
largest scale chart, such as of a harbor, all projections become practically identical. 
Some of the desirable properties are: 

1. True shape of physical features. 

2. Correct angular relationship. A projection with this characteristic is said to 
be conformal or orthomorphic. 

3. Equal area, or the representation of areas in their correct relative proportions. 

4. Constant scale values for measuring distances. 

5. Great circles represented as straight lines. 

6. Rhumb lines represented as straight lines. 

It is possible to preserve any one and sometimes more than one property in any 
one projection, but it is impossible to preserve all of them. For instance, a projection 
cannot be both conformal and equal area, nor can both great circles and rhumb lines 
be represented as straight lines. 

303. Types of projection.— Projections are usually classified primarily as to the 
type of developable surface to which the spherical or spheroidal surface is transferred. 
They are sometimes further classified as to whether the projection (but not neces- 
sarily the charts made by it) is centered on the equator (equatorial), a pole (polar), 
or some point or line between (oblique). The name of a projection often indicates its 
type and sometimes, in addition, its principal feature. 

The projection used most frequently by mariners is commonly called Mercator, 
after its inventor (art. 109). Classified according to type this is an equatorial cy- 
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lindrical orthomorphic projection, the cylinder conceived as being tangent along the 
equator. A similar projection based upon a cylinder tangent along a meridian is 
called transverse Mercator or transverse cylindrical orthomorphic. It is sometimes 
called inverse Mercator or inverse cylindrical orthomorphic. If the cylinder is tangent 
along a great circle other than the equator or a meridian, the projection is called 
oblique Mercator or oblique cylindrical orthomorphic. ; 

In a simple conic projection points on the surface of the earth are conceived as 
transferred to a tangent cone. In a Lambert conformal projection the cone inter- 
sects the earth (a secant cone) at two small circles. Ina polyconic projection, a series 
of tangent cones is used. 

An azimuthal or zenithal projection is one in which points on the earth are trans- 
ferred directly to a plane. If the origin of the projecting rays is the center of the earth, 
a gnomonic projection results; if it is the point opposite the plane’s point of tangency, a 
stereographic projection; and if at infinity (the projecting lines being parallel to each 
other), an orthographic projection (fig. 303). The gnomonic, stereographic, and 

orthographic are perspective projections. 
In an azimuthal equidistant projection, 
which is not perspective, the scale of dis- 
Ne ibis Mh so tances is constant along any radial line 
iss c from the point of tangency. 
Cylindrical and plane projections can 
be considered special cases of conical 
|B projections with the heights infinity and 
zero, respectively. 


\ A graticule is the network of latitude 
| 7 


and longitude lines laid out in accordance 
¢ ~ with the principles of any projection. 


Cylindrical Projections 


Figure 303.—Azimuthal projections: A, gno- abs = - 
Piet RAtERopiapen GAO ERTL 304. Features.—If a cylinder is placed 
orthographic. around the earth, tangent along the equa- 


tor, and the planes of the meridians are 
extended, they intersect the cylinder in a number of vertical lines (fig. 304). These 
lines, all being vertical, are parallel, or everywhere equidistant from each other, un- 
like the terrestrial meridians, which become closer together as the latitude increases. 
On the earth the parallels of latitude are perpendicular to the meridians, forming circles 
of progressively smaller diameter as the latitude increases. On the cylinder they are 
shown perpendicular to the projected meridians, but because a cylinder is everywhere 
of the same diameter, the projected parallels are all the same size. 

iif the cylinder is cut along a vertical line (a meridian) and spread out flat, the 
meridians appear as equally spaced, vertical lines, and the parallels as horizontal 
lines. The spacing of the parallels relative to each other differs in the various types 
of cylindrical projections. 

The cylinder may be tangent along some great circle other than the equator 
forming an oblique or transverse cylindrical projection, on which the pattern of he 
tude and longitude lines appears quite different, since the line of tangency and the 
equator no longer coincide. 

; 305. Mercator projection.—The only cylindrical projection widely used for navi- 
gation 1s the Mercator or equatorial cylindrical orthomorphic, named for its inventor 
Gerhard Kremer (Mercator), a Flemish geographer. It is not perspective and the 
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parallels cannot be located by geometrical projection, the spacing being derived mathe- 
matically. The use of a tangent cylinder to explain the development of the projection 
has been used, but the relationship of the terrestrial latitude and longitude lines to 
those on the cylinder is often carried beyond justification, resulting in misleading 
statements and illustrations. 

The distinguishing feature of the Mercator projection (fig. 305) among cylindrical 
projections is that both the meridians and parallels are expanded at the same ratio 
with increased latitude. The expansion is equal to the secant of the latitude, with a 
small correction for the ellipticity of the earth. Since the secant of 90° is infinity, the 
projection cannot include the poles. Ex- 
pansion is the same in all directions and 
angles are correctly shown, the projection 
being conformal. Rhumb lines appear as 
straight lines, the directions of which can 
be measured directly on the chart. Dis- 
tances can also be measured directly, to 
practical accuracy, but not by a single 
distance scale over the entire chart, unless 
the spread of latitude is small. The lati- 
tude scale is customarily used for measur- 
ing distances, the expansion of the scale 
being the same as that of distances at the 
same latitude. Great circles, except me- 
ridians and the equator, appear as curved 
lines concave to the equator (fig. 310a). 
Small areas appear in their correct shape 
but of increased size unless they are near 
the equator. Plotting of positions by 
latitude and longitude is done by means 
of rectangular coordinates, as on any 
cylindrical projection. 

306. Meridional parts.—At the equa- 
tor a degree of longitude is approximately 
equal in length to a degree of latitude. 
As the distance from the equator increases, 
degrees of latitude remain approximately 
the same (not exactly because the earth is 
not quite a sphere), while degrees of longi- 
tude become progressively shorter. Since Fiaure 304.—A cylindrical projection. 
degrees of longitude appear everywhere 
the same length in the Mercator projection, it is necessary to increase the length of 
the meridians if the expansion is to be equal in all directions. Thus, to maintain the 
correct proportions between degrees of latitude and degrees of longitude, the former 
are shown progressively longer as the distance from the equator increases (fig. 305). 

The length of the meridian, as thus increased between the equator and any given 
latitude, expressed in minutes of the equator as a unit, constitutes the number of 
meridional parts (M) corresponding to that latitude. Meridional parts, given in table 
5 for every minute of latitude from the equator to the pole, afford facilities for con- 
structing a Mercator chart and for solving problems in Mercator sailing (art. 817). 
These values are for the Clarke spheroid of 1866. By means of table 4 they can be 
converted to the values for certain other spheroids and the sphere. 
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Fiagure 305.—A Mercator map of the world. 


The formula for meridional parts, given in the explanation to table 5, is derived from 
an integral representing the exact relationship. 

307. Mercator chart construction—To construct a Mercator chart, first select 
the scale and then proceed as follows: 

Draw a series of vertical lines to represent the meridians, spacing them in accord- 
ance with the scale selected. If the chart is to include the equator, the distances of 
the various parallels from the equator are given directly in table 5, although it may be 
desirable to convert the tabulated values to more convenient units. Thus, if 1°(60’) 


: iy 1 
of longitude is to be shown as one inch, each meridional part will be 60 OF 9.01667 


inch in length. The distance, in inches, of any parallel from the equator is then 
determined by dividing its meridional parts by 60 or multiplying them by 0.01667. 

If the equator is not to be included, the meridional difference (m) is used. This 
is the difference between the meridional parts of the various latitudes and that of the 
lowest parallel (the one nearest the equator) to be shown. Distances so determined 
are measured from the lowest parallel. 

It is often desired to show a minimum area on a chart of limited size, to the largest 
possible scale. The scale is then dictated by the limitations. 

When the graticule has been completed, the features to be shown are located by 
means of the latitude and longitude scales. 

Example —A Mercator chart is to be constructed at the maximum scale on a sheet 
of paper 35 X 46 inches, with a minimum two-inch margin outside the neat line limiting 
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the charted area. The minimum area to be covered is lat. 44°-50° north and long. 
56°-68° west. 
Solution.—Step one: Determine which dimension to place horizontal. From table 
5 the meridional difference is: 
Moe 3456.6 
Muse 2929.6 
m 527.0 


The chart is to cover at least 12° (68°—56°) of longitude. The longitude is therefore 
to cover a distance of 12 X 60720 meridional parts. Since there are a greater number 
of meridional parts of longitude to be shown than of latitude, the long dimension is 
placed horizontal. 

Step two: Determine whether the latitude or longitude is the limiting scale factor. 
The number of inches available for latitude coverage is 31 (35 inches minus a two-inch 
margin top and bottom). If 527 meridional parts are to be shown in 31 inches, each 


meridional part will be yyq=0.05882 inch. There are 46—4=42 inches available for 


; ’ : 42 
longitude, and therefore the length of each meridional part will be 799 = 0.05833 


inch. Thus, the longitude is the limiting scale factor, for all of the desired area 
could not be shown in the available space if the larger scale were to be used. Using 
the smaller scale, it is found that 30.74 inches (0.05833 527) will be needed to 
show the desired latitude coverage. The top and bottom margins can be increased 
slightly, or additional latitude coverage can be shown. If it is desired to include 
the additional coverage, the amount can be determined by dividing the available 
space, 31 inches, by the scale, 0.05833. This is 531.5 meridional parts, or 4.5 more than 
the minimum. By inspection of table 5, it is seen that the latitude can be extended 
either 3/3 below 44° or 2/9 above 50°. Suppose it is decided that the margin will be 
increased slightly and only the desired minimum coverage shown. 

Step three: Determine the spacing of the meridians and parallels. Meridians 1° or 
60’ apart will be placed 60 0.05833—3.50 inches apart. Next, determine each degree 
of latitude separately. First, compute the meridional difference between the lowest 
parallel and the various parallels to be shown: 


Mase 3013.5 Mage 3098.8 Maze 3185.7 Mago 3274.2 Mage 3364.5 Moe 3456.6 
Muse 2929.6 Maso 2929.6 Muse 2929.6 Muse 2929.6 Muse 2929.6 Mae 2929.6 
m 83.9 m 169;2.) 1. 206.1 m 344.6 m 434.9 m 527.0 


Next, determine the distance of each parallel from that of L 44°N by multiplying its 
meridional difference by the scale, 0.05833: 


L 44° to L 45°=0.05833 X 83.9= 4.89 in. 
L 44° to L. 46°=0.05833 X 169.2= 9.87 in. 
L 44° to L 47°=0.05833 X256.1=14.94 in. 
L 44° to L. 48°=0.05833 X344.6=20.10 in. 
L442? to,L 49°=0.05833 X434.9=25.37 in. 
144° to Li 50°=0.05833 X527.0=30.74 in. 
; : ; : 35—30.74 
Step four: Draw the graticule. Draw a horizontal line 2.13 inches (BP) 


from the bottom. This is the lower neat line. Label it ‘“‘44°N.” Draw the right-hand 
neat line two inches from the edge. Label it “56° W.” Along the lower parallel 
measure off distances in units of 3.50 inches from \ 56° W at the right to \ 68°W at 
the left. Through the points thus located draw vertical lines to represent the meridians. 
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Figure 307.—The graticule of a Mercator chart oe L 44°N to L 50°N and from \ 56°W to 
» 68° 


Along any meridian measure upward from the horizontal line a series of distances as 
determined by the calculations above. Through these points draw horizontal lines 
to represent the parallels. Label the meridians and parallels as shown in figure 307. 

Step five: Mark off the latitude and longitude scales around the neat line. The 
scales can be graduated in units as small as desired. Determine the longitude scale 
by dividing the degrees into equal parts. Establish the latitude scale by computing 
each subdivision of a degree in the same manner as described above for whole degrees. 
In low latitudes degrees of latitude can be divided into equal parts without serious loss 
of accuracy. 

Step six: Fill in the desired detail. 

In south latitude the distance between consecutive parallels increases toward 
the south. The top parallel is drawn first and distances measured downward from it. 
Latitude labels increase toward the south (down). 

In east longitude the longitude labels increase toward the east (right). 

308. Transverse and oblique Mercator projections.—If Mercator principles are 
used to construct a chart, but with the cylinder tangent along a meridian, a transverse 
Mercator or transverse cylindrical orthomorphic projection results. The word ‘“‘in- 
verse” is sometimes used in place of “transverse” with the same meaning. If the cylinder 
is tangent at some great circle other than the equator or a meridian (fig. 308a), the 
projection is called oblique Mercator or oblique cylindrical orthomorphic. These 
projections utilize a fictitious graticule similar to but offset from the familiar network 
of meridians and parallels (fig. 308b). The tangent great circle is the fictitious 
equator. Ninety degrees from it are two fictitious poles. A group of great. circles 
through these poles and perpendicular to the tangent great circle are the fictitious 
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Figure 308b.—The fictitious graticule of an oblique Mercator 
projection. 


75 
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meridians, while a series 
of circles parallel to the 
plane of the tangent great 
circle form the fictitious 
parallels. 

The actual meridians 
and parallels appear as 
curved lines (figs. 309, 
310b, and 322). 

A straight line on the 
transverse or oblique Mer- 
cator projection makes the 
same angle with all ficti- 
tious meridians, but not 
with the terrestrial merid- 
ians. It is therefore a fic- 
titious rhumb line. Near 
the tangent great circle a 
straight line closely ap- 
proximates a great circle. 
It is in this area that the 
chart is most useful. 

The Universal Trans- 
verse Mercator (UTM) 
grid is a military grid su- 
perimposed upon a trans- 
verse Mercator graticule, 
or the representation of 
these grid lines upon any 
eraticule. 

This grid system and 
these projections are often 
used for large-scale (har- 
bor) nautical charts and 
military charts. 

309. Transverse Mer- 
cator projection.—A_ spe- 
cial case of the Mercator 
projection in which the 
cylinder is tangent along 
Fieure 309.—A transverse Mercator map of the western hemisphere. @ meridian is called a 

transverse (inverse) Mer- 
cator or transverse (inverse) cylindrical orthomorphic projection. Since the area of 
minimum distortion is near a meridian, this projection is useful for charts covering a 
large band of latitude and extending a relatively short distance on each side of the 
tangent meridian (fig. 309) or for charts of the polar regions (fig. 322). It is sometimes 
ae ae star charts showing the evening sky at various seasons of the year (figs. 2205— 
310. Oblique Mercator projection.—The Mercator projection in which the cylinder 
is tangent along a great circle other than the equator or a meridian is called an oblique 
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Ficure 310a.—The great circle between Washington and Moscow as it appears on a Mercator map. 
See figures 308b and 310b. 


Mercator or oblique cylindrical orthomorphic projection. This projection is used prin- 
cipally where it is desired to depict an area in the near vicinity of an oblique great 
circle, as, for instance, along the great-circle route between two important, widely 
separated centers. Figure 310a is a Mercator map showing Washington and Moscow 
and the great circle joining them. Figure 310b is an oblique Mercator map with the 
great circle between these two centers as the tangent great circle or fictitious equator 
(as in fig. 308b). The limits of the chart of figure 310b are indicated in figure 310a. 
Note the large variation in scale as the latitude changes. 


Figure 310b.—An oblique Mercator map based upon a cylinder tangent along the great circle through 
Washington and Moscow. The map includes an area 500 miles on each side of the great circle. 
The limits of this map are indicated on the Mercator map of figure 310a. 


cylindrical projection similar to the Mercator but 


311. Rectangular projection.—A 
d a rectangular projection (fig. Sill); 


with uniform spacing of the parallels is calle 
It is convenient for graphically depicting information where distortion is not important. 


The principal navigational use of this projection is for the star chart of the Air Almanac 
(art. 2204), where positions of stars are plotted by rectangular coordinates representing 
declination (ordinate) and sidereal hour angle (abscissa). Since the meridians are 
parallel, the parallels of latitude (including the equator and the poles) are all repre- 


sented by lines of equal length. 
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Figure 311.—A rectangular graticule. Compare with figure 305. 


Conic Projections 


312. Features.—A conic projection is produced by transferring points from the 
surface of the earth to a cone or series of cones which are then cut along an element 
and spread out flat to form the chart. If the axis of the cone coincides with the axis 
of the earth, the usual situation, the parallels appear as arcs of circles and the meridians 
as either straight or curved lines converging toward the nearer pole. Excessive dis- 
tortion is usually avoided by limiting the area covered to that part of the cone near 
the surface of the earth. A parallel along which there is no distortion is called a 
standard parallel. Neither the transverse conic projection, in which the axis of the 
cone is in the equatorial plane, nor the oblique conic projection, in which the axis of 
the cone is oblique to the plane of the equator, are ordinarily used for navigation, 
their chief use being for illustrative maps. 

The appearance and features of conic projections are varied by using cones tangent 
at various parallels, using a secant (intersecting) cone, or by using a series of cones. 

313. Simple conic projection.—A conic projection using a single tangent cone is 
called a simple conic projection (fig. 313a). The height of the cone increases as 
the latitude of the tangent parallel decreases. At the equator the height reaches 
infinity and the cone becomes a cylinder. At the pole its height is zero and it becomes 
a plane. As in the Mercator projection, the simple conic projection is not perspective, 
as only the meridians are projected geometrically, each becoming an element of the 
cone. When this is spread out flat to form a map, the meridians appear as straight 
lines converging at the apex of the cone. The standard parallel, or that at which the 
cone is tangent to the earth, appears as the arc of a circle with its center at the apex 
of the cone, or the common point of intersection of all the meridians. The other 
parallels are concentric circles, the distance along any meridian between consecutive 
parallels being in correct relation to the distance on the earth, and hence derived 
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mathematically. The pole is 
represented by a circle (fig. 
313b). The scale is correct 
along any meridian and along 
the standard parallel. All other 
parallels are too great in length, 
the error increasing with in- 
creased distance from _ the 
standard parallel. Since the 
scale is not the same in all direc- 
tions about every point, the 
projection is not conformal, 
its principal disadvantage for 
navigation. Neither is it an 
equal-area projection. 

Since the scale is correct 
along the standard parallel and Figure 313a.—A simple conic projection. 
varies uniformly on each side, 
with comparatively little distortion near the standard parallel, this projection is 
useful for mapping an area covering a large spread of longitude and a comparatively 
narrow band of latitude. It was developed by Claudius Ptolemy in the second 
century after Christ to map just such an area, the Mediterranean. 

314. Lambert conformal projection.—The useful latitude range of the simple 
conic projection can be increased by using a secant cone intersecting the earth at two 


Figure 313b.—A simple conic map of the northern hemisphere. 
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Figure 314.—A secant cone for a conic projection with two stand- 
ard parallels. 


standard parallels (fig. 314). The area between the two 
standard parallels is compressed, and that beyond is ex- 
panded. Such a projection is called a secant conic or 
conic projection with two standard parallels. 

If, in such a projection, the spacing of the parallels 
is altered so that the distortion is the same along them 
as along the meridians, the projection becomes conformal. 
This is known as the Lambert conformal projection, after 
its eighteenth century Alsatian inventor, Johann Heinrich 
Lambert. Itis the most widely used conic projection for 
navigation, though its use is more common among aviators 
than mariners. Its appearance is very much the same as 
that of the simple conic projection. If the chart is not 
carried far beyond the standard parallels, and if these are 
not a great distance apart, the distortion over the entire 
chart issmall. A straight line on this projection so nearly 
approximates a great circle that the two can be considered 
identical for many purposes of navigation. Radio bear- 


projection. 


ings, from signals which are considered to travel great circles, can be plotted on this 
projection without the correction needed when they are plotted on a Mercator chart. 
This feature, gained without sacrificing conformality, has made this projection popular 
for aeronautical charts, since aircraft make wide use of radio aids to navigation. 
It has made little progress in replacing the Mercator projection for marine navigation, 
except in high latitudes. In a slightly modified form this projection has been used 


for polar charts (art. 321). 
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315. Polyconic projection.—The latitude limitations of the secant conic projection 
can be essentially eliminated by the use of a series of cones, resulting in a polyconic 
projection. In this projection each parallel is the base of a tangent cone (fig. 315a). 
At the edges of the chart the area between parallels is expanded to eliminate gaps. 
The scale is correct along any parallel and along the central meridian of the proj ection. 
Along other meridians the scale increases with increased difference of longitude from 
the central meridian. Parallels appear as nonconcentric circles and meridians as 
curved lines converging toward the pole and concave to the central meridian. 

The polyconic projection 
is widely used in atlases, par- 75°N pole. 
ticularly for areas of large 
range in latitude and reason- 
ably large range in longitude, _- 
as for a continent such as 
North America (fig. 315b). 
However, since it is not con- 
formal, this projection is not 
customarily used in naviga- 
tion, except for boat sheets 
used in hydrographic survey- 
ing (art. 4118). 45°N : / 4S N 


Azimuthal Projections 


316. Features.—If points 
on the earth are projected 
directly to a plane surface, a 
map is formed at once, with- 30% 
out cutting and flattening, or 
“developing.” This can be 
considered a special case of a 
conic projection in which the : 
cone has zero height. 15°N MIS °N 

The simplest case of the ‘ 
azimuthal projection is one 
in which the plane is tangent 
at one of the poles. The 
meridians are straight lines 
intersecting at the pole, and 
the parallels are concentric Figure 315b.—A polyconic map of North America. 
circles with their common 
center at the pole. Their spacing depends upon the method of transferring points 
from the earth to the plane. 

If the plane is tangent at some point other than a pole, straight lines through the 
point of tangency are great circles, and concentric circles with their common center at 
the point of tangency connect points of equal distance from that point. Distortion, 
which is zero at the point of tangency, increases along any great circle through this 
point. Along any circle whose center is the point of tangency, the distortion 1s con- 
stant. The bearing of any point from the point of tangency is correctly represented. 
It is for this reason that these projections are called azimuthal. They are also called 
zenithal. Several of the common azimuthal projections are perspective. 
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317. Gnomonic pro- 
jection.—If a plane is 
tangent to the earth, and 
points are projected geo- 
metrically from the center 
of the earth, the result is a 
gnomonic projection (fig. 
317a). This is probably 
the oldest of the projec- 
tions, believed to have 
been developed by Thales 
about 600 BC. Since 
the projection is perspec- 
tive, it can be demonstrat- 
ed by placing a light at 
the center of a transparent 
terrestrial globe and hold- 
ing a flat surface tangent 
to the sphere. 

For the oblique case 

Figure 317a.—An oblique gnomonic projection. the meridians appear ene 

straight lines converging 

toward the nearer pole. The parallels, except the equator, appear as curves (fig. 

317b). As in all azimuthal projections, bearings from the point of tangency are cor- 

rectly represented. The distance scale, however, changes rapidly. The projection 

is neither conformal nor equal area. Distortion is so great that shapes, as well as 
distances and areas, are very poorly represented, except near the point of tangency. 

The usefulness of the projection rests upon the one feature that any great circle 
appears on the map as a straight line. This is apparent when it is realized that a great 
circle is the line of intersection of a sphere and a plane through the center of the sphere, 
this center being the origin of the projecting rays for the map. This plane intersects 
any other nonparallel plane, including the 
tangent plane, in a straight line. It is 
this one useful feature that gives charts 
made on this projection the common name 
great-circle charts. 

Gnomonic charts published by the 
U.S. Navy Hydrographic Office bear in- 
structions for determining direction and 
distance on the charts. The principal 
navigational use of such charts is for 
plotting the great-circle track between 
points, for planning purposes. Points 
along the track are then transferred, by 
latitude and longitude, to the navigational 
chart, usually one on the Mercator pro- 
jection. The great circle is then followed 
approximately by following the rhumb 
line from one point to the next (art. 820). 

318. Stereographic projection.—If 


: Ficure 317b.—A gnomonic map with point of 
points on the surface of the earth are pro- —tangency at latitude 30° N, longitude 90° W 
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jected geometrically onto a tangent plane, 
from a point on the surface of the earth 
opposite the point of tangency, a stereo- 
graphic projection results (fig. 318a). It 
is also called an azimuthal orthomorphic 
projection. 

The scale of the stereographic projec- 
tion increases with distance from the point 
of tangency, but more slowly than in the 
gnomonic projection. An entire hemi- 
sphere can be shown on the stereographic 
projection without excessive distortion (fig. 
318b). As in other azimuthal projections, 
great circles through the point of tangency 
appear as straight lines. All other circles, 
including meridians and parallels, appear 
as circles or arcs of circles. 

The principal navigational use of the 
stereographic projection is for charts of FIGURE 318a.—An equatorial stereographic pro- 

: j A jection. 
the polar regions and devices for me- 
chanical or graphical solution of the navigational triangle (art. 2122). 

319. Orthographic projection.—If terrestrial points are projected geometrically 
from infinity (projecting lines parallel) to a tangent plane, an orthographic projection 
results (fig. 319a). This projection is neither conformal nor equal area and has no 
advantages as a map projection. Its principal navigational use is in the field of naviga- 
tional astronomy, where it is useful for illustrating or graphically solving the naviga- 
tional triangle and for illustrating celestial coordinates. If the plane is tangent at a 
point on the equator, the usual case, the parallels (including the equator) appear as 
straight lines and the meridians as ellipses, except that the meridian through the point 
of tangency appears asa straight 
line and the one 90° away as a 
circle (fig. 319b). 

320. Azimuthal equidistant 
projection.—An azimuthal pro- 
jection in which the distance 
scale along any great circle 
through the point of tangency 
is constant is called an azimuthal 
equidistant projection. If a 
pole is the point of tangency, 
the meridians appear as straight 
radial lines and the parallels 
ds concentric circles, equally 
spaced. If the plane is tangent 
at some point other than a pole, 
the concentric circles represent 
distance from the point of tan- 
gency. In this case meridians 
and parallels appear as curves. 
The projection can be used to 
portray the entire earth, the 


Figure 318b.—A stereographic map of the western hemisphere. 
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Fioure 319a.—An equatorial orthographic projection. 


point 180° from the point of tangency appearing as the largest of the concentric circles. 
The projection is neither conformal nor equal area, nor is it perspective. Near the 
point of tangency the distortion is small, but it increases with distance until shapes 
near the opposite side of the earth are unrecognizable (fig. 320). 


ZL 
ae 


BEANS 


Figure 319b.—An orthographic map of the western hemisphere. 


The projection is useful be- 
cause it combines the three fea- 
tures of being azimuthal, having 
a constant distance scale from 
the point of tangency, and per- 
mitting the entire earth to be 
shown ononemap. ‘Thus, if an 
important harbor or airport is 
selected as the point of tangency, 
the great-circle course, distance, 
and track from that point to 
any other point on the earth 
are quickly and accurately de- 
termined. For communication 
work at a fixed point, the point 
of tangency, the path of an in- 
coming signal is at once appar- 
ent if the direction of arrival 
has been determined. The di- 
rection to train a directional 
antenna for desired results can 
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Figure 320.—An azimuthal equidistant map of the world with the point of tangency at latitude 
40° N, longitude 100° W. 


be determined easily. The projection is also used for polar charts and for the familiar 
star finder and identifier, H. O. 2102—D (art. 2210). 


Polar Charts 


321. Polar projections.—Special consideration is given to the selection of pro- 
jections for polar charts, principally because the familiar projections become special 
cases with unique features. 

In the case of cylindrical projections in which the axis of the cylinder is parallel 
to the polar axis of the earth, distortion becomes excessive and the scale changes rapidly. 
Such projections cannot be carried to the poles. However, both the transverse and 
oblique Mercator projections are used. 

Conic projections with their axes parallel to the earth’s polar axis are limited in 
their usefulness for polar charts because parallels of latitude extending through a full 
360° of longitude appear as arcs of circles rather than full circles. This is because a 
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cone, when cut along an element and flattened, does not extend through a full 360° 
without stretching or resuming its former conical shape. The usefulness of such pro- 
jections is also limited by the fact that the pole appears as an arc of a circle instead 
of a point. However, by using a parallel very near the pole as the higher standard 
parallel, a conic projection with two standard parallels can be made which requires 
little stretching to complete the circles of the parallels and eliminate that of the pole. 
Such a projection, called the modified Lambert conformal or Ney’s projection, is useful 
for polar charts. It is particularly acceptable to those accustomed to using the ordinary 
Lambert conformal charts in lower latitudes. 

Azimuthal projections are in their simplest form when tangent at a pole, since the 
meridians are straight lines intersecting at the pole, and parallels are concentric circles 
with their common center at the pole. Within a few degrees of latitude of the pole 
they all look essentially alike, but as the distance becomes greater, the spacing of the 
parallels becomes distinctive in each projection. In the polar azimuthal equidistant 
it is uniform; in the polar stereographic it increases with distance from the pole until 
the equator is shown at a distance from the pole equal to twice the length of the radius 
of the earth, or about 27% too much; in the polar gnomonic the increase is considerably 
greater, becoming infinity at the equator; in the polar orthographic it decreases with 
distance from the pole (fig. 321). All of these but the last are used for polar charts. 

322. Selection of a polar projection.—The principal considerations in the choice 
of a suitable projection for polar navigation are: 

1. Conformality. It is desirable that angles be correctly represented so that 
plotting can be done directly on the chart, without annoying corrections. 

2. Great-circle representation. Since great circles are more useful than rhumb 
lines in high latitudes, it is desirable that great circles be represented by straight lines. 

3. Scale variation. Constant scale over an entire chart is desirable. 


Stereographic 


Azimuthal Equidistant 


Orthog raphic 


Gnomonic 


FIGURE 321.—Expansion of polar azimuthal projections. 
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Freure 322.—A polar transverse Mercator map with the cylinder tangent 
at the 90° E-90° W meridian. 


4. Meridian representation. Straight meridians are desirable for convenience 
and accuracy of plotting, and for grid navigation (art. 2510). 

5. Limits of utility. Wide limits are desirable to reduce to a minimum the number 
of projections needed. The ideal would be a single projection for world coverage. 

The projections commonly used for polar charts are the transverse Mercator, 
modified Lambert conformal, gnomonic, stereographic, and azimuthal equidistant. 
Near the pole there is little to choose between them. Within the limits of practical 
navigation all are essentially conformal and on all a great circle is nearly a straight line. 

As the distance from the pole increases, however, the distinctive features of each 
projection become a consideration. The transverse Mercator is conformal and its type 
of distortion is familiar to one accustomed to using a Mercator chart. Distances can 
be measured in the same manner as on any Mercator chart. The tangent meridian 
and all straight lines perpendicular to it are great circles. All other great circles, 
including the meridians, are curves. The departure of a great circle from a straight 
line becomes a maximum at the outer edges parallel to the tangent meridian, where 
the straight lines are nearer the pole than the ares of great circles between the same 
points. A slight inconvenience in measurement of angles may result from the curva- 
ture of the meridians (fig. 322). The projection is excellent for a narrow band along 
the tangent meridian and for use with automatic navigation equipment generating 
transverse latitude and transverse longitude. 
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The modified Lambert conformal projection is virtually conformal over its entire 
extent, and the amount of its scale distortion is comparatively little if itis carried only to 
about 25° or 30° from the pole. Beyond this, the distortion increases rapidly. A 
ereat circle is very nearly a straight line anywhere on the chart. Distances and direc- 
tions can be measured directly on the chart in the same manner as on a Lambert 
conformal chart. However, for highly accurate work this projection is not suitable, 
for it is not strictly conformal, and great circles are not exactly straight lines. 

The polar gnomonic projection is the one polar projection on which great circles 
are exactly straight lines. The excessive distortion and lack of conformality of this 
projection make it unsuitable for ordinary navigation. 

The polar stereographic projection is conformal over its entire extent, and a great 
circle differs but little from a straight line. The scale distortion is not excessive for a 
considerable distance from the pole, but is greater than that of the modified Lambert 
conformal projection. 

The polar azimuthal equidistant projection is useful for showing a large area such 
as a hemisphere, because there is no expansion along the meridians. However, the 
projection is not conformal, and distances cannot be measured accurately in any but 
a north-south direction. Great circles other than the meridians differ somewhat from 
straight lines. The equator is a circle centered at the pole. 

The three projections most commonly used for charts for ordinary navigation near 
the poles are the transverse Mercator, modified Lambert conformal, and the polar 
stereographic. The transverse Mercator permits use of automatic dead reckoning 
equipment designed for use on a Mercator projection, transverse coordinates being 
substituted for geographical coordinates. However, for accuracy, it requires input 
of a constant transverse rhumb direction, which no present instrument provides. When 
a directional gyro is used as a directional reference, as in many aircraft, the track of 
the craft is approximately a great circle. A desirable chart is one on which a great 
circle is represented as a straight line with a constant scale and with angles correctly 
represented. These requirements are not met entirely by any single projection, but 
they are approximated by both the modified Lambert conformal and the polar stereo- 
graphic. The scale is more nearly constant on the former, but the projection is not 
strictly conformal. The polar stereographic is conformal, and its maximum scale 
variation can be reduced by using a plane which intersects the earth at some parallel inter- 
mediate between the pole and the lowest parallel, so that that portion within this 
standard parallel is compressed, and that portion outside is expanded. 

The selection of a suitable projection for use in polar regions, as in other areas, 
depends upon the requirements, which establish relative importance of the various 
features. For a relatively small area, any of several projections is suitable. For a 
large area, however, the choice is more critical. If erid directions (art. 2510) are to be 
used, it is important that all units in related operations use charts on the same projec- 
tion, with the same standard parallels, so that a single grid direction exists between any 
two points. Nuclear powered submarine operations under the polar icecap have 
increased the need for grid directions in marine navigation. Increasing installations 


of gyro compasses with directional gyro modes in surface ships should increase the 
need for grid directions further. 


Plotting Sheets 


323. Definition and use.—A plotting sheet is a blank or incomplete chart. It has 
the latitude and longitude lines, and it may have one or more compass roses (art. 516) 
for measuring direction, but little or no additional information. The meridians are 
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usually unlabeled by the publisher so the plotting sheet can be used for any longitude. 
If it is suitable for use in any latitude, the parallels, also, may be unlabeled. 

Plotting sheets are less expensive to produce than charts and are equally suitable 
or superior for some purposes. They are used primarily for plotting lines of position 
from celestial observations and for dead reckoning, particularly when land, aids to 
navigation, and depth of water are not important. 

Ary projection can be used for constructing a plotting sheet, but that used for 
the navigator’s charts is customarily employed also for his plotting sheets. 

324. Small area plotting sheets——A Mercator plotting sheet can be constructed 
by the method explained in article 307. For a relatively small area a good approxima- 
tion can be more quickly constructed by the navigator by either of two alternative 
- methods based upon a graphical solution of the secant of the latitude, which approxi- 
mates the expansion. 

First method (fig. 324a). Step one. Draw a series of equally spaced, vertical 
lines at any spacing desired. These are the meridians; label them at any desired 
intervel,-asel’, 2/5’, 10’, 30’; 1%, etc. 

Step two. Through the center of the sheet draw a horizontal line to represent the 
parallel of the mid latitude of the area to be covered, and label it. 

Step three. Through any convenient point, such as the intersection of the central 
meridian and the parallel of the mid latitude, draw a line making an angle with the 
horizontal equal to the mid latitude. In figure 324a this angle is 35°. 

Step four. Draw in and label additional parallels. The length of the oblique 
line between consecutive meridians is the perpendicular distance between consecutive 
parallels, as shown by the dashed arc. The number of minutes of arc between con- 
secutive parallels thus drawn is the same as that between the meridians shown. 


(Step 4) 


(Step 2) 


s (Step/) 


(Step 4) 


Ficure 324a.—Small area plotting sheet with selected longitude scale. 
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Figure 324b.—Small area plotting sheet with selected latitude scale. 


Step five. Graduate the oblique line into convenient units. If 1’ is selected, this 
scale serves as both a latitude and mile scale. It can also be used as a longitude scale 
by measuring horizontally from a meridian instead of obliquely along the line. 

Second method (fig. 324b). Step one. At the center of the sheet draw a circle 
with a radius equal to 1° (or any other convenient unit) of latitude at the desired scale. 
If a sheet with a compass rose is available, as in figure 324b, the compass rose can be 
used as the circle and will prove useful for measuring directions. It need not limit the 
scale of the chart, as an additional concentric circle can be drawn and desired gradua- 
tions extended to it. 

Step two. Draw horizontal lines through the center of the circle and tangent at 
the top and bottom. These are parallels of latitude; label them accordingly, at the 
selected interval (as every 1°, 30’, etc.). 

Step three. Through the center of the circle draw a line making an angle with 
the horizontal equal to the mid latitude. In figure 324b this angle is 40°. 

Step four. Draw in and label the meridians. The first is a vertical line through 
the center of the circle. The second is a vertical line through the intersection of the 
oblique line and the circle. Additional meridians are drawn the same distance apart 
as the first two. 

Step five. Graduate the oblique line into convenient units. If 1’ is selected, this 
scale serves as a latitude and mile scale. It can also be used as a longitude scale by 
measuring horizontally from a meridian instead of obliquely along the line. 

. The same end result is produced by either method. The first method, starting 
with the selection of the longitude scale, is particularly useful when the longitude 
limits of the plotting sheet determine the scale. When the latitude coverage is more 
important, the second method may be preferable. If a standard size is desired, part 
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of the sheet can be printed in advance, forming what is called a universal plotting sheet. 
This is done by the U. S. Navy Hydrographic Office (art. 431). In either method a 
central compass rose might be printed. In the first method the meridians may be 
shown at the desired interval and the mid parallel may be printed and eraduated in 
units of longitude. In using the sheet it is necessary only to label the meridians and 
draw the oblique line and from it determine the interval and draw in and label addi- 
tional parallels. If the central meridian is graduated, the oblique line need not be. In 
the second method the parallels may be shown at the desired interval, and the central 
meridian may be printed and graduated in units of latitude. In using the sheet it is 
necessary only to label the parallels, draw the oblicue line and from it determine the 
interval and draw in and label additional meridians. If the central meridian is grad- 
uated, as shown in figure 324b, the oblique line need not be. 

Both methods use a constant relationship of latitude to longitude over the entire 
sheet and both fail to allow for the ellipticity of the earth. For practical navigation 
these are not important considerations for a small area. If a larger area is to be shown 
or if more precise results are desired, the method of article 307 should be used. 


Grids 


325. Purpose and definition of grid—No system has been devised for showing 
the surface of the earth on a flat surface, without distortion. Moreover, the appearance 
of any portion of the surface varies with the projection and, in many cases, with the 
location of the portion with respect to the point or line of tangency. For some pur- 
poses (particularly military) it is desirable to be able to identify a location or area by 
rectangular coordinates, using numbers or letters, or a combination of numbers and 
letters, without the necessity of indicating the units used or assigning a name (north, 
south, east, or west), thus reducing the possibility of a mistake. This is accomplished 
by means of a grid. In its usual form this consists of two series of lines which are 
mutually perpendicular on the chart, with suitable designators. The grid used in grid 
navigation (art. 2510) is a similar network, or a single series of parallel lines, used to 
provide a uniform directional reference, particularly in polar regions. In any system 
the difference in direction between true north at any point and grid north at that 
same point is called grid declination. 

326. Types of grids.—A grid may use the rectangular graticule of the Mercator 
projection, or a set of arbitrary lines on a particular projection. The most widely used 
system of the first is called the World Geographic Referencing System (Georef). It 
is merely a method of designating latitude and longitude by a system of letters and 
numbers instead of by angular measure, and therefore is not strictly a grid, except on a 
Mercator projection. It is particularly useful for operations extending over a wide area. 
Examples of the second type of grid are the Universal Transverse Mercator (UTM) grid, 
the Universal Polar Stereographic (UPS) grid, and the Temporary Geographic Grid 
(TGG). Since these systems are used primarily by military forces, they are sometimes 
called military grids. 
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CHAPTER IV 


CHARTS AND PUBLICATIONS 


Sources 


401. Introduction.—Charts and publications are important navigational aids. 
It is desirable that the navigator have a knowledge of what is available in this field, 
how he can obtain the various items, how he can be sure they are accurate and up-to- 
date, and what information he can expect to get from each. Instructions for the use 
of a number of these items are given elsewhere in this book. 

402. Sources of charts and publications.—There is no central government office 
from which the navigator can satisfy all of his chart and publication requirements. 
The principal sources are the U. S. Navy Hydrographic Office, U. 5. Coast and Geo- 
detic Survey, U. S. Coast Guard, and U.S. Naval Observatory. Other sources include 
the U. S. Geological Survey, Mississippi River Commission, U. S. Engineer Office of 
the Department of the Army, U. S. Weather Bureau, USAF Aeronautical Chart and 
Information Center, Federal Aviation Agency, and various commercial sources. 


403. The U. S. Navy Hydrographic Office maintains liaison with foreign hydro- 
graphic departments; makes hydrographic, topographic, oceanographic, and geomag- 
netic surveys in international waters and along foreign coasts; conducts research in 
oceanography and in navigational methods (both marine and air); systematically col- 
lects data in these fields from public and private institutions and persons in all parts 
of the world; prepares, prints, and distributes nautical and aeronautical charts; and 
prepares and issues publications and timely advice, including radio broadcasts, for the 
safe navigation of surface and subsurface vessels and of aircraft. 

The products of the U. S. Navy Hydrographic Office include nautical and aero- 
nautical charts of the high seas and foreign waters, sailing directions for foreign 
shores, light lists, various navigational manuals and tables, weather summaries, various 
oceanographic charts and publications, pilot charts, loran and radar charts, plotting 
sheets, a number of special charts, and several periodical publications to notify navigators 
of changes to their charts and publications. 

404. The U. S. Coast and Geodetic Survey, of the Department of Commerce, 
conducts research in hydrography, cartography, tides, currents, geodesy, geomagnet- 
ism, and seismology. It publishes coast and harbor charts of the United States and 
its possessions and aeronautical charts of the United States, tide and tidal current 
tables for both United States and foreign waters, coast pilots (sailing directions) for 
coasts of the United States and its possessions (including the intracoastal waterway) 
and a number of special publications covering results of its research. 

405. The U. S. Coast Guard has charge of the inspection of merchant marine 
vessels, licensing of merchant marine officers, and the installation and maintenance of 
aids to marine navigation (lighthouses, beacons, buoys, etc.). It publishes light lists 
for the waters of the United States and its possessions, and international and inland 
rules of the road and pilot rules. 

406. The U. S. Naval Observatory conducts research in various branches of 


astronomy, including measurement and dissemination of time. It furnishes time sig- 
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nals, publishes nautical and air almanacs and an ephemeris, as well as tables of sunrise, 
wilight. 

Sa ee eee sources.—The U. S. Geological Survey, Department of the 
Interior, publishes topographic maps of the United States. The Mississippi River 
Commission publishes charts of the Mississippi River from Cairo, Illinois, to the delta. 
District offices of the U. S. Corps of Engineers, Department of the Army, publish 
charts of the Ohio River and other United States rivers, Illinois Waterway system, the 
Great Lakes (but not Canadian harbor charts nor charts of Georgian Bay), Lake 
Champlain, Oneida Lake, New York canals, and the St. Lawrence River above St. 
Regis and Cornwall. The U.S. Weather Bureau, Department of Commerce, publishes 
a chart and booklet showing principal types of clouds, instructions for marine mete- 
orological observers, a glossary of weather terms, and other meteorological publications. 
The USAF Aeronautical Chart and Information Center produces aeronautical charts 
and publications. The Federal Aviation Agency produces a number of publications of 
interest chiefly to aviators. Various other publications and their sources are listed in 
appendix N. 

408. Obtaining charts and publications.—In most instances charts and publica- 
tions are distributed directly by the publishing agency. A notable exception is the 
U. S. Navy Hydrographic Office, which, except for official distribution, distributes 
its charts and publications through authorized sales agents throughout the world. 
These agents are listed in (H.O.) Pub. No. 1-N, Part I. Publications of the U.S. Coast 
Guard, U.S. Naval Observatory, and the U.S. Weather Bureau are sold by the Super- 
intendent of Documents, U.S. Government Printing Office. Some of the publications 
of other agencies are sold both by this office and the publisher (or its agents). 

The U. S. Navy Hydrographic Office, U. S. Coast and Geodetic Survey, and the 
Superintendent of Documents have sales agents in various United States and foreign 
ports. In addition, the U.S. Navy Hydrographic Office maintains a number of branch 
offices at major ports to collect, compile, and distribute timely information to afford 
the maximum safety and facility of operation to vessels of the N avy and the merchant 
marine. These branch offices issue pilot charts, the Daily Memorandum, and Notice to 
Mariners. The U.S. Coast and Geodetic Survey maintains district offices at which 
their charts and publications can be purchased. 

Appendix N lists sources of charts and publications of interest to the navigator. 

409. Numbering of charts.—Each chart is given a number by its publishing agency. 
Vessels of the U. S. Navy use charts of various publishers, with some duplication of 
numbers. ‘T'o avoid confusion, charts issued to these vessels are given a consecutive 
number and arranged in convenient groups in chart portfolios. This system is not 
available to commercial or private users. 

410. Terminology.—The following terminology applies generally to charts and 
publications of government agencies: 

A new chart or publication is the first edition. 

A new edition is a revision that supersedes previous issues, containing changes of 
such importance that earlier issues are obsolete. 

A corrected (new) print is a revision that does not supersede previous issues, 
containing minor changes and corrections, principally those published in the Notice 
to Mariners since the preceding edition. 

A reprint is a reproduction without change. 

A supplement contains corrections and additions to an existing publication. 

A change consists of corrections and additions to a loose-leaf publication. 

A summary is a collection in one publication of related items of a specified class. 
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Oceanographic and Meteorological Charts and Publications 


411. Tide tables are published annually by the U. 8. Coast and Geodetic Survey. 
In them are tabulated the predicted times and heights of high and low waters for 
every day in the year for a number of reference stations, and differences for obtaining 
similar predictions for numerous other places. They also give other useful information 
such as a method for obtaining the height of the tide at any time, local mean time of 
sunrise and sunset for various latitudes, reduction of local mean time to standard time, 
zone time of moonrise and moonset for certain ports, and other astronomical data. 
The use of these tables is explained in chapter IX. 

Tide tables are available in separate volumes for (1) east coast of North and South 
_ America, including Greenland, (2) west coast of North and South America, including the 
Hawaiian Islands, (3) Europe and west coast of Africa, including the Mediterranean 
Sea, and (4) central and western Pacific Ocean and Indian Ocean. 

412. Tidal current tables, published annually by the U. 8S. Coast and Geodetic 
Survey, tabulate daily predictions of the times of slack water and the times and speeds of 
maximum flood and ebb currents for a number of waterways, together with differences 
for obtaining predictions at numerous other places. They also include other useful 
information on tidal currents, such as a method for obtaining the speed of current at any 
time and one for determining the duration of slack water, coastal tidal currents, the 
combination of currents, and current diagrams. Information on the Gulf Stream is 

‘neluded in the tidal current tables for the Atlantic coast of North America. The use 
of these tables is explained in chapter IX. 

Tidal current tables are available in separate volumes for (1) Atlantic coast of 
North America, and (2) Pacific coast of North America and Asia. For places not 
covered by these tables the navigator must rely upon notes, tables, and arrows on charts, 
special current charts, sailing directions, and any other available sources. 

413. Tidal current charts for various United States harbors are published by 
the U.S. Coast and Geodetic Survey. Each of the nine sets consists of about 12 charts 
which depict the direction and speed of the tidal current for each hour of the tidal cycle, 
thus presenting a comprehensive view of the tidal current movement in the respective 
waterways as a whole, and supplying a means for readily determining for any time the 
direction and speed of the current at various localities throughout the areas covered. 
The charts are intended for use in connection with the tidal current tables for the same 
areas, except for New York Harbor, where the tide tables are to be used. 

414. Pilot charts are published by the U.S. Navy Hydrographic Office for each 
month for (1) the North Atlantic Ocean, and (2) the North Pacific Ocean. Pilot 
charts are published in atlas form for (1) the Northern North Atlantic Ocean, (2) the 
South Atlantic Ocean and Central American Waters, and (3) the South Pacific and 
Indian Oceans. 

These charts present in graphical form the available facts or conclusions obtained 
from many years of research in navigation, oceanography, and meteorology, to assist 
the mariner in selecting the safest and quickest routes and avoiding dangers. Their 
principal features are monthly averages for: prevailing winds and currents; percentage 
of gales, calms, and fog; lines of equal air and water temperature, and atmospheric 
pressure; and limits of the drift of both field ice and icebergs. Also presented are 
lines of equal magnetic variation, location of ocean station vessels, and recommended 
routes or steamer tracks. Timely articles are printed on the backs of many pilot charts. 

Pilot charts of the North Atlantic and North Pacific are furnished without charge 
to cooperating observers. 
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415. Miscellaneous oceanographic publications.—The U. S. Navy Hydrographic 
Office promotes basic oceanographic research and collects and codifies data which it 
makes available in the form of charts, manuals, and special reports. Charts in this 
category include those showing bottom sediment, surface temperature, currents, sea 
and swell, bathymetric charts (showing bottom gradient tints), as well as the pilot 
charts (art. 414). Representative books are Breakers and Surf, Principles wn Fore- 
casting (H.O. Pub. No. 234); Oceanographic Atlas of the Polar Seas (Pub. N 0. 705), 
Part it Antarctica and Part II, Arctic; Wind, Sea, and Swell: Theory of Relations for 
Forecasting (H.O. Pub. No. 601). This Office also publishes several instruction 
manuals of use to the navigator. These include Manual of Ice Seamanship (Pub. No. 
551), Sonic Soundings (H.O. Pub. No. 606-b), Bathythermograph Observations (H.0. 
Pub. No. 606-c), Ice Observations (H.O. Pub. No. 606—d), and Sea and Swell Observa- 
tions (H.O. Pub. No. 606-e). The U.S. Navy Hydrographic Office Catalog of Nautical 
Charts and Publications (Pub. No. 1-N series) lists the various oceanographic charts 
and publications available. 

The U.S. Coast and Geodetic Survey conducts research in tides and currents and 
makes available several publications relating to them. 


Electronic Navigation Charts and Publications 


416. Loran.—Tables for plotting loran lines of position are published by the U.S. 
Navy Hydrographic Office as H.O. Pub. No. 221, in a number of volumes. Loran lines 
of position are printed on certain nautical and aeronautical charts by the U.S. Navy 
Hydrographic Office and the Coast and Geodetic Survey. Information on loran charts 
and publications is contained in H.O. Pub. 1-N, Catalog of Nautical Charts and Publi- 
cations, the Catalog of U.S. Navy Aeronautical Charts and Related Publications, the Coast 
and Geodetic Survey catalog of Aeronautical Charts and Related Publications, and the DOD 
Catalog of Aeronautical Charts and Flight Information Publications which is available 
only to military users. H.O. Pub. No. 1-V, Catalog of Aeronautical Charts and Publi- 
cations, has been canceled. 

417. Radar.—The U.S. Coast and Geodetic Survey has published several experi- 
mental nautical charts showing a great number of land contours and gradient tints, 
for use with radar. 

418. Miscellaneous.—The U.S. Navy Hydrographic Office publications entitled 
Radio Navigational Aids (H.O. Pubs. Nos. 117-A, Atlantic and Mediterranean Area 
and 117-B, Pacific and Indian Oceans Area) contain detailed information on radio- 
beacons and other aids to navigation. The light lists includes some details of radio- 
beacons. Volume II of International Code of Signals (H.O. Pub. No. 104) deals with 
radio communication. Various other publications relating to radio navigation are 
listed in appendix N. 

419. Information by radio.—H.O. Pubs. Nos. 117—A and 117-B, Radio Naviga- 
tional Aids, contain complete lists of the radio stations that perform services of value 
to the mariner, and give general and detailed information concerning these services, 
and present the regulations of various nations on this subject. 

In addition to its information on radiobeacons and radio direction finder stations, 
H.O. Pub. No. 117 gives full information on time signals, navigational warnings, 
distress signals, medical advice, quarantine report stations, long-range navigational 
aids, wartime emergency procedures for U. S. merchant vessels, and plain language 
weather reports and storm and hurricane warnings. For information concerning radio 
traffic stations, the mariner should consult the lists published by the Bureau of the 
International Telecommunication Union, Berne, Switzerland. 
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H.O. Pubs. Nos. 118-A and 118-B, Radio Weather Aids, contain general informa- 
tion, marine broadcasts, synoptic broadcasts, facsimile broadcasts, weather codes and 
code forms, and miscellaneous conversion tables. 

H.O. Pub. No. 119, Weather Station Indez, contains a complete list of international 
index numbers with locations of stations, key groups, and call signs, and includes a 
supplemental listing of U.S. meteorological reporting stations. 

Corrections to these volumes are published in Notice to Mariners. The publica- 
tions themselves are corrected by “Changes” which are issued quarterly for H.O. Pubs. 
Nos. 117—A, 117—B, 118—A, and 118-B. 


Navigational Publications 


420. Sailing Directions or pilots are books containing descriptions of coast lines, 
harbors, dangers, aids to navigation, winds, currents, and tides; instructions for navi- 
gating narrow waterways and for approaching and entering harbors; information on 
port facilities, signal systems, and pilotage services; and other data that cannot be 
conveniently shown on charts. Those covering the coasts of the United States and 
its possessions, including the Intracoastal Waterway, are called coast pilots, and are 
published by the U. S. Coast and Geodetic Survey. Those covering foreign coasts, 
called sailing directions, are published in looseleaf form by the U.S. Navy Hydrographic 
Office. 

Supplements to coast pilots are published annually, and change pages to sailing 
directions are published periodically. The more important changes are published in 
Notice to Mariners. 


421. Light lists for the United States and its possessions, including the Intracoastal 
Waterway, the Great Lakes (both United States and Canadian shores), and the Mis- 
sissippi River and its navigable tributaries, are published annually by the U. S. Coast 
Guard. Similar publications covering foreign coasts are published in Jooseleaf form 
by the U.S. Navy Hydrographic Office in seven volumes (H.O. Pubs. Nos. 111-A, 
111-B and 112 through 116). ‘Changes’ are published at appropriate intervals. 
Light lists give detailed information regarding navigational lights, light structures, 
radiobeacons, and fog signals. Corrections to both sets of light lists are published 
weekly in the Notice to Mariners. Coast Guard light lists also give unlighted buoys. 


422. Navigational tables.—Many types of navigational tables are published. 
While many of these appear as parts of other books, such as those at the back of this 
yolume, a number of separate books of tables are available. Nearly all of these are 
published by the U. 5S. Navy Hydrographic Office. The ones of principal interest to 
the navigator are: 

10. Pub. No. 260, Azimuth Tables, lists the azimuth angle of the sun at intervals 
of 10™ between sunrise and sunset for each degree of latitude between the equator and 
70° (north or south). It is also applicable to other bodies having declinations of 0° to 
23°. Azimuth angles are tabulated to a precision of 1’. These are popularly known 
as the “Red Azimuth Tables’ to distinguish them from H.O. Pub. No. 261. The use 
of these tables is explained in article 2126. 

H.O. Pub. No. 151, Table of Distances between Ports, tabulates about 40,000 
distances between various ports throughout the world. 
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Distances between United States Ports, published by the U. S. Coast and Geodetic 
Survey, tabulates approximately 10,000 distances along the shortest routes marked by 
aids to navigation between various United States ports. It also includes conversion 
tables similar to table 20 and parts of table 21 of this volume. 

H.O. Pub. No. 261, Azimuths of Celestial Bodies, is similar to H.O. Pub. No. 260, 
but for declinations of 24° to 70°. These are popularly known as the “Blue Azimuth 
Tables.” Their use is explained in article 2126. 

H.O. Pub. No. 208, Navigation Tables for Mariners and Aviators, is a set of trigo- 
nometric tables arranged in convenient form for solving the navigational triangle by the 
formulas of Dreisonstok (art. 2110). 

H.O. Pub. No. 211, Dead Reckoning Altitude and Azimuth Table, is a trigo- 
nometric table arranged in convenient form for solving the navigational triangle by the 
formulas of Ageton (art. 2111). 

H.O. Pub. No. 214, Tables of Computed Altitude and Azimuth, tabulates the solution 
of the navigational triangle for each 1° of latitude from the equator to 89° (north or 
south), each 1° of meridian angle where the altitude is 5° or more, and each 0°5 of 
declination from 0° to 29° with selected values above 29°. Altitude is given to the 
nearest 0/1 and azimuth angle to the nearest 0°1. There are nine volumes, each cover- 
ing 10° of latitude, with separate tabulations for same and contrary names of declina- 
tion and latitude. These are the basic tables for marine celestial navigation, and are 
explained fully in chapter XX. 

H.O. Pub. No. 218, Astronomical Navigation Tables, is somewhat similar to 
H.O. Pub. No. 214, but designed primarily for aviators. Altitudes are tabulated to the 
nearest 1’ and azimuth angles to the nearest 1°. Altitudes are corrected for refraction 
at a height of eye of 5,000 feet. In addition to the tabulation for same and contrary 
names of declination and latitude there is a section giving altitude and azimuth of 22 
selected stars, the name of the star being given as one of the entering arguments to 
eliminate interpolation for declination. There are 14 volumes, each covering 5° of 
latitude, the total coverage extending from the equator to latitude 69° (north or south). 
These tables have been largely superseded by H.O. Pub. No. 249. 

H.O. Pub. No. 221, Loran Tables, is discussed in article 416. 

H.O. Pub. No. 249, Sight Reduction Tables, is intended primarily for air navigation. 
Volume I tabulates the altitude to the nearest 1’, and azimuth (not azimuth angle) to 
the nearest 1°, for seven selected stars. Entries are given for each 1° (2° beyond latitude 
69°) of local hour angle of the vernal equinox for each 1° of latitude from 89° N to 
89° S, in a single volume. 

Volumes II and III tabulate the altitude to the nearest 1’ and azimuth angle to 
the nearest 1°, for each 1° of meridian angle (2° beyond 69°) and 1° of declination, from 
0° to 29° (with separate tabulations for same and contrary name), for each 1° of latitude 
from 89° N to 89°S. Volume II covers latitudes 0° to 39°, and volume III covers 
latitudes 40° to 89°. Altitudes extend to negative values to provide for observation 
of bodies near the horizon from aircraft in flight. 

423. Almanacs. —The positions of celestial bodies on the celestial sphere; times 
of Sunrise, sunset, moonrise, moonset, and beginning and ending of twilight; sextant 
altitude corrections ; and other astronomical information of particular interest to 
navigators are published by the U.S. Naval Observatory in books called “almanacs.” 
The Hvautical Almanac, published annually, tabulates the basic information to the 
ee 0-1 at hourly intervals. T he Air Almanac, published three times a year, tabu- 
mie Pere a8 same information to the nearest 1’ at time intervals of ten minutes. 

4900, fhe Amervcan Ephemeris and Nautical Almanac and The Astronomical 
Ephemeris have also been unified. Published annually, they tabulate a great amount 
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of astronomical information of interest primarily to astronomers. The information is 
generally tabulated to a precision much greater than needed by either marine or air 
navigators. All of these publications are published jointly by the United States and 
Great Britain. 

424. Manuals.—Reference or instruction books are published by many sources, 
both governmental and commercial. Some of these are general, such as the present 
volume, and others are limited to particular aspects of the subject, such as H.O. Pub. 
No. 257, Radar Plotting Manual, H.O. Pub. No. 217, Maneuvering Board Manual, and 
H.O. Pub. No. 226, Handbook of Magnetic Compass Adjustment and Compensation. 
There are a great number and variety of such books. In general, they can be obtained 
from stores handling nautical publications, government agencies having cognizance 
over the subjects of the manuals, or instrument makers (in the case of manuals describ- 
‘ing specific instruments). The U.S. Government Printing Office publishes lists of 
publications on a number of subjects and most other government agencies and commer- 
cial publishing companies have similar lists for distribution. 


Periodical Publications and Broadcasts 


425. Notice to Mariners, published weekly by the U.S. Navy Hydrographic Office, 
lists changes in aids to navigation throughout the world, newly reported dangers such 
as wrecks, important new soundings, and official regulations affecting navigation. It 
is the official publication for the correction of charts, sailing directions, light lists, etc. 
It also carries announcements of new charts, new editions of charts, and new publica- 
tions. Two editions are published, one for the Atlantic and Mediterranean, and one 
for the Pacific and Indian Oceans. Notice to Mariners is distributed without charge to 
qualified users. It can be consulted at offices of sales agents for products of the U.S. 
Navy Hydrographic Office, U. S. Coast and Geodetic Survey, and U.S. Coast Guard; 
Branch Hydrographic Offices; District Offices of the Coast Guard; United States 
consulates abroad; and Centralization Offices in various ports of the world. 

426. Daily Memorandum, published each working day by the U.S. Navy Hydro- 
graphic Office, gives a synopsis of late information relating to aids to navigation and 
dangers to vessels, including reports of ice, derelicts, etc. The urgent items are also 
broadcast by radio (art. 427). It also contains advance information of the more 
important material that will appear in the Notice to Mariners. This publication is 
distributed locally by the Branch Hydrographic Offices. An East Coast edition is 
published at Washington, a West Coast edition by the Branch Hydrographic Office in 
San Francisco, a Pacific edition by the Branch Hydrographic Office in Honolulu, a 
Far East edition by the Branch Hydrographic Office in Yokosuka, and a Canal Zone 
edition by the Branch Hydrographic Office in Cristobal, C. Z. 

427. Radio broadcasts.—Nearly all maritime nations broadcast radio navigational 
warnings. In general, such broadcasts contain information of importance to the 
safety of vessels at sea, such as the position of ice and derelicts, inadequacy and changes 
in aids to navigation, mine fields, etc. Most of the information is furnished by cooperat- 
ing observers at sea. 

As a general rule, each nation broadcasts only those navigational warnings affecting 
its own coasts. In the United States the broadcasts are made by Navy and Coast 
Guard radio stations. The information is compiled by the U. S. Navy Hydrographic 
Office and the U. S. Coast Guard. Frequently, broadcasts include warnings from 
both agencies. The major items affecting the Atlantic and Gulf coasts and, occasion- 
ally, important Pacific and foreign notices are broadcast daily by station NSS, Wash- 
ington. The major Pacific items are broadcast daily by station NPG, San Francisco. 
Usually the information contained in these general broadcasts is adequate for offshore 
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navigation, but before nearing the coast, vessels should obtain the information available 
in local broadcasts from the area to be entered. In general, the information contained 
in a local broadcast affects only the area in which the broadcasting station is located 
and, occasionally, adjacent areas. 

Urgent messages, such as those concerning tsunamis (art. 3310), hurricanes, etc., 
are broadcast immediately upon receipt and at frequent intervals thereafter as long as 
they are applicable. In some countries provision is made whereby navigational 
warnings can be obtained upon request. In the majority of cases this information is a 
repetition of scheduled broadcasts. 

Urgent messages pertaining to the Atlantic area are called hydrolants and those 
pertaining to the Pacific hydropacs. These terms refer to messages broadcast by the 
United States. Urgent messages pertaining to the Eastern Atlantic and Mediterranean 
and broadcast by the British Admiralty are called naveams. 

In addition to navigational warnings, radio services include time signals, weather 
and ice reports and predictions, distress information, and medical advice. Full in- 
formation on navigational radio broadcasts, including the times, stations, frequencies, 
and instructions for utilizing this service, is given in H.O. Pubs. Nos. 117—A and 
117-B, Radio Navigational Aids, and H.O. Pubs. Nos. 118-A and 118-B, Radio 
Weather Aids. 


Miscellaneous Charts and Publications 


428. Isomagnetic charts.—The U.S. Navy Hydrographic Office publishes a series 
of charts of magnetic information. There are five groups, each consisting of one chart 
for each polar region and one for the remainder of the world, plus grid variation charts 
for each polar region. There is one group each showing lines of equal dip (inclination), 
horizontal intensity, vertical intensity, total intensity, and variation of the compass 
(magnetic declination). In addition to these charts, the Hydrographic Office publishes 
a 12-sheet series of charts showing world coverage of magnetic variation of the compass. 
The U. S. Coast and Geodetic Survey publishes charts showing lines of equal variation 
for the United States and Alaska, and other isomagnetic charts. 

Variation is also shown on the navigator’s regular nautical charts. 

429. Great-circle charts.—The U. S. Navy Hydrographic Office publishes a num- 
ber of charts on the gnomonic projection with the points of tangency selected so as to 
make the charts suitable for planning ocean voyages. These charts are customarily 
used in connection with regular nautical charts, the desired great circle being plotted as a 
straight line on the gnomonic chart and various points along the line being transferred 
by means of its geographical coordinates (latitude and longitude) to the nautical chart 
to mark the ends of a series of rhumb lines. Points along any desired great circle 
can also be established by computation (art. 822). 

430. Aeronautical charts, although designed primarily for air navigation, are 
sometimes useful to the marine navigator as well. They often show more details of 
adjacent land than do nautical charts, and they show aeronautical beacons (lighted 
and radio) which can be of value to the marine navigator who understands their use. 
Such charts are published principally by the Aeronautical Chart and Information 
Center of the U. S. Air Force, the U. S. Coast and Geodetic Survey, and the U.S. 


Navy Hydrographic Office. These agencies publish catalogs listing their aeronautical 
charts and publications. 
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431. Plotting charts and plotti 
Reeiinoriee g plotting sheets are published by the U. S. Navy Hydro- 

Plotting charts show the land area in outline. Soundings, aids to navigation 
and other information customarily shown on nautical charts are not given. The 
charts are used principally for planning. : 

Plotting sheets are blank charts showing only the graticule of latitude and longi- 
tude lines, at a specified range of latitude, and compass roses. The meridians are not 
labeled, permitting the plotting sheet to be used at any longitude. A universal plotting 
sheet (art. 324) shows only the parallels of latitude, a central compass rose, and a 
single mid meridian. The user draws in the meridians at the correct interval, depending 
upon the latitude. In addition to the universal plotting sheet, there are four series of 
ordinary plotting sheets, each series of a different size. Details are given in Pub. No. 
1-N, Introduction Part I (Catalog of Nautical Charts and Publications). Plotting sheets 
are used primarily for plotting celestial fixes and dead reckoning at sea. The navigator 
customarily uses a chart when near land. 


432. Miscellaneous charts.—Both the U. S. Navy Hydrographic Office and the 
U. S. Coast and Geodetic Survey publish a number of special charts listed in their 
catalogs. Some of the H.O. charts are listed in Pub. No. 1-N. Among these are 
track charts, an air route chart of the world, an airline distance map of the United 
-States, a time zone chart of the world, outline charts and maps, azimuthal equidistant 
charts centered on certain strategic cities, star charts, special charts for the fishing 
industry, and others. 


433. Miscellaneous publications.—There are numerous other publications of 
greater or less interest to navigators. Among these are: 

Chart No. 1, Nautical Chart Symbols and Abbreviations. A pamphlet showing 
the standard symbols in color and the various abbreviations which have been approved 
for use on nautical charts published by the United States of America. Much of this 
information is reproduced in appendix hes 

H.O. Pub. No. 103, International Code of Signals, Vol. I (visual). 

HO. Pub. No. 110, DAPAC (Danger Areas in the Pacific). 

Nemedri. A publication giving routing instructions for areas in northern European, 
Mediterranean, and Black Sea waters declared dangerous because of mines. This 
publication is distributed by the British Admiralty for the International Routing and 
Reporting Authority. A United States reprint is distributed without cost by the U. S. 
Navy Hydrographic Office. 

HO. Pub. No. 150, World Port Index. 

H.O. Pub. No. 216, Air Navigation. 

HO. Pub. No. 220, Navigation Dictionary. 

Weather maps and reports, available from the U. S. Weather Bureau. 

H.O. Pub. No. 606-a, Navigational Observations. An instruction manual for the 
various observations on which the U. S. Navy Hydrographic Office desires reports. 


HO. Pub. No. 609, A Functional Glossary of Ice Terminology. 

H.O. 2102-D, Star Finder and Identifier. 

HO. Misc. 10578, Eskimo Place Names and Aids to Conversation, compiled by 
Commander Donald B. MacMillan, USNR. 
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Rules of the Road—International—Inland. A pamphlet giving the international 
and inland rules of the road in parallel columns, followed by pilot rules for certain inland 
waters, published by the U.S. Coast Guard. Additional pamphlets or individual 
sheets published by the same agency give the specific rules applying to U.S. waterways. 
An example is the booklet entitled Rules of the Road—Western Rivers. 

Aids to Marine Navigation of the United States, published by the U.S. Coast Guard. 


CHAPTER V 


THE NAUTICAL CHART 


General Information 


(501. Introduction.—A nautical chart is a conventional graphic representation, on 
a plane surface, of a navigable portion of the surface of the earth. It shows the depth 
of water by numerous soundings, and sometimes by depth curves, the shore line of 
adjacent land, topographic features that may serve as landmarks, aids to navigation, 
dangers, and other information of interest to navigators. It is designed as a work 
sheet on which courses may be plotted, and positions ascertained. It assists the 
navigator in avoiding dangers and arriving safely at his destination. The nautical 
chart is one of the most essential and reliable aids available to the navigator. 

502. Projections.—Nearly all nautical charts used for ordinary purposes of navi- 
gation are constructed on the Mercator proj ection (art. 305). Large-scale harbor charts 
on standard scales (1:12,500, 1:25,000, 1:50,000) are often constructed on the trans- 
verse Mercator projection. Charts for special purposes, such as great-circle sailing or 
polar navigation, often are on some other projection. Many aeronautical charts are 
constructed on the Lambert conformal projection (art. 314). The principal projections, 
with their navigational uses, are discussed in chapter Wy 4 


503. Scale—The scale of a chart is the ratio of a given distance on the chart to 
the actual distance which it represents on the earth. It may be expressed in various 
ways. The most common are: 

Natural scale, expressed as a simple ratio or fraction. For example, 1:80,000 or 
ae means that one unit (such as an inch) on the chart represents 80,000 of the 
same unit on the surface of the earth. 

Numerical scale, or a statement of that distance on the earth shown in one unit 
(usually an inch) on the chart, or vice versa. For example, “30 miles to the inch” 
means that one inch on the chart represents 30 miles of the earth’s surface. Similarly, 
“9 inches to a mile” indicates that 2 inches on the chart represent 1 mile on the earth. 

Graphic scale. A line or bar may be drawn at a convenient place on the chart 
and subdivided into nautical miles, yards, etc. All charts vary somewhat in scale 
from point to point, and in some projections the scale is not the same in all directions 
about a single point. A single subdivided line or bar for use over an entire chart is 
shown only when the chart is of such scale and projection that the scale varies a neg- 
ligible amount over the chart, usually one of about 1:50,000 or larger. Since one 
minute of latitude is very nearly equal to one nautical mile, the latitude scale serves as 
an approximate graphical scale. On most nautical charts the east and west borders 
are subdivided to indicate the latitude scale. 

On a Mercator chart the scale varies with the latitude. This is noticeable on a 
chart covering a relatively large distance ‘na north-south direction. On such a chart 
the scale at the latitude in question should be used for measuring distances. 

Of the various methods of indicating scale, the graphical method is normally 
available in some form on the chart. In addition, the natural scale is customarily 


stated on charts on which the scale does not change appreciably over the chart. 
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i ily i hangeable. For in- 

The natural and numerical scales of a chart are readily interc 
stance, in a nautical mile there are about 6,076.11549 feet or 6,076.11549 X 12=72,913.39 
inches. If the natural scale of a chart is 1:80,000, one inch of the chart represents 
80,000 inches of the earth, or a little more than a mile. To find the exact amount, 


; 80,000 _ 
divide the scale by the number of inches in a mile, or 72,913.39 7 1:097- Thus, a 


natural scale of 1:80,000 is the same as a numerical scale of 1.097 (or approximately 
1.1) miles to an inch. Stated another way, there are aa 0.911 (approximately 
0.9) inch to a mile. Similarly, if the numerical scale is 60 nautical miles to an inch, 
the natural scale is 1: (60 72,913.39) =1:4,374,803. 

It should be clearly understood that scale, as discussed above, refers to distances, 
not areas. If the area scale is desired, it is found by squaring the natural scale. Thus, 
if the natural scale of a chart is 1:50,000, the corresponding area scale is 1:(50,000* 
50,000)==1 :2,500,000,000 or one square inch on the chart represents 2,500,000,000 square 
inches on the earth, or a square 50,000 inches on a side. 

A chart covering a relatively large area is called a small-scale chart and one covering 
a relatively small area is called a large-scale chart. Since the terms are relative, there 
is no sharp division between the two. Thus, a chart of scale 1:100,000 is large scale 
when compared with a chart of 1:1,000,000 but small scale when compared with one 
of 1:25,000. 

504. Chart classification by scale——Charts are constructed on many different 
scales, ranging from about 1:2,500 to 1:14,000,000 (and even smaller for some world 
charts). Small-scale charts covering large areas are used for planning and for offshore 
navigation. Charts of larger scale, covering smaller areas, should be used as the vessel 
approaches pilot waters. Several methods of classifying charts according to scale 
are in use in various nations. The following classifications of nautical charts are 
those used by the U. S. N avy Hydrographic Office and the U. S. Coast and Geodetic 
Survey: 

Sailing charts are the smallest scale charts used for planning, fixing position at 
sea, and for plotting the dead reckoning while proceeding on a long voyage. The scale 
is generally 1:600,000 or smaller. The shore line and topography are generalized and 
only offshore soundings, the principal navigational lights, outer buoys, and landmarks 
visible at considerable distances are shown. 

General charts are intended for coastwise navigation outside of outlying reefs and 
shoals. The scales range from about 1:100,000 to 1:600,000. 
ning Coast charts are intended for inshore coastwise navigation where the course may 
lie Inside outlying reefs and shoals, for entering or leaving bays and harbors of consid- 
erable width, and for navigating large inland waterways. The scales range from about 
1:50,000 to 1:100,000. 

Harbor charts are intended for navigation and anchorage in harbors and small 
waterways. The scale is generally larger than 1:50,000. 

In addition, there are special series of charts, such as the 1:40,000 U. S. Coast 
and Geodetic Survey charts of the Intracoastal Waterway (inside route) and various 
series of river and canal charts. 

505. Accuracy.—The accuracy of a chart depends upon: 
re a rele and up-to-dateness of the survey and other navigational informa- 

; ate of the accuracy of the survey can be formed by an examination 
of the source notes given in the title of the chart. If the chart is based upon very old 
Surveys, 1t should be used with caution, Many of the earlier surveys were made under 
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conditions that were not conducive to great accuracy. It is safest to question every 
chart based upon surveys of doubtful accuracy. 

The number of soundings and their spacing is some indication of the completeness 
of the survey. Only a small fraction of the soundings taken in a thorough survey are 
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large number of depth curves or where the 

bottom is flat or gently and evenly sloping. Additional soundings are shown 
when they are helpful in indicating the uneven character of a rough bottom (figs. 505a 
and 505b). 

Even a detailed survey may fail to locate every rock or pinnacle, and in waters 
where their existence is suspected, the best methods for determining their presence are 
wire drag surveys or use of electronic un- 
derwater obstacle detection gear. Areas 
that have been dragged may be indicated 
on the chart and a note added to show 
the effective depth at which the drag was 
operated. 

Changes in the contour of the bottom 
are relatively rapid in areas where there 
are strong currents or heavy surf, partic- 
ularly when the bottom is composed prin- 
cipally of soft mud or sand. The entrances 
to bar harbors are especially to be regarded 
with suspicion. Similarly, there is some- 
times a strong tendency for dredged chan- 
nels to shoal, especially if they are sur- 
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the number of soundings in the two figures. 
on the chart when the bottom contours 


are known to change rapidly. However, the absence of such a note should not be 
regarded as evidence that rapid change does not occur. 

Changes in aids to navigation, structures, etc., are more easily determined, and 
charts are generally corrected in this regard to the date of distribution. However, 


there is always the possibility of a change having occurred since the chart was mailed 
date to which the chart was corrected is stamped on it 
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before distribution. All issues of Notice to Mariners printed after that date should be 
checked to ensure accuracy in this respect. blue 

2. Suitability of the scale for the design and intended navigational use. The same 
detail cannot be shown on a small-scale chart as on one of a larger scale. For this 
reason it is good practice to use the largest scale chart available when in the vicinity of 
shoals or other dangers. 

3. Presentation and adequacy of data. ‘The amount and kind of detail to be shown, 
and the method of presentation, are continually under study by charting agencies. 
Development of a new navigational aid may render many previous charts inadequate. 
An example is radar. Many of the charts produced before radar became available lack 
the detail needed for confident identification of targets. 

Part of the responsibility for the continuing accuracy of charts lies with the user. 
If charts are to remain reliable, they must be corrected as indicated by the Notice to 
Mariners. In addition, the user’s reports of errors and changes and his suggestions 
often are useful to the publishing agencies in correcting and improving their charts. 
Navigators and maritime activities have contributed much to the reliability and use- 
fulness of the modern nautical chart. If a chart becomes wet, the expansion and 
subsequent shrinkage when the chart dries are likely to cause distortion. 

506. Dates on charts.—The system of dates now used on charts published by the 
U.S. Coast and Geodetic Survey and the U.S. N avy Hydrographic Office is as follows: 

First edition. The original date of issue of a new chart is shown at the lower left- 
hand corner and at the top center margin, thus: 

Ist Ed., Sept. 1901 

New edition. A new edition is made when, at the time of printing, the corrections 
are too numerous or too extensive to be reported in Notice to Mariners, making previous 
printings obsolete. The date of the first edition is retained at the top margin. At the 
lower left-hand corner it is replaced by the number and date of the new edition, thus: 

5th Ed., July 11, 1955 

Corrected (New) print. A corrected print contains corrections which have been 
published in the Notice to Mariners, and other information which is not of sufficient 
importance to justify a new edition. The date of a corrected print is the date on which 
the last check is made to see that all important corrections have been applied. 
Normally, this date is the Monday following the date of the last Notice to Mariners 
used. It is added at the lower left-hand corner of the chart, thus: 

5th Ed., July 11, 1955; Revised 2/4/57 
For any subsequent corrected prints the date is replaced by the later one, thus: 
5th Ed., July 11, 1955; Revised 2/17/58 

Hydrographic Office chart terminology is discussed in article 4406. 
eae date. Stocks of charts kept on hand by the publishing agencies or 

nters are hand corrected for changes shown in Notice to Mariners 


corrections have been made is stamped in the margin. 
shown on the chart. Important changes after the date of the latest hand-corrected 
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From a survey in 1953 


SOUNDINGS IN FATHOMS 
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For Symbols and Abbreviations, see H.O. Chart No. 1 FP 


MERCATOR PROJECTION 
SCALE 1:20,000 


The area tinted green was wire-dragged 
in 1948 to a depth in feet indicated thus: 40. 
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shown at the correct location and make possible the showing of a large amount of 
information without congestion or confusion. The standard symbols and abbrevia- 
tions which have been approved for use on regular nautical charts published by the 
United States of America are shown in appendix K. A knowledge of the meanings of 
these symbols is essential to a full understanding of charts. A fictitious sample chart 
showing a number of these symbols is given in figure 507. 

Most of the symbols and abbreviations shown in appendix K are in agreement with 
those recommended by the International Hydrographic Bureau. Where there is dis- 
agreement, the number of the symbol or abbreviation is in leaning figures. Vertical 
figures enclosed in parentheses indicate that the symbol or abbreviation is an addition 
to those recommended by the International Hydrographic Bureau. 

The symbols and abbreviations on any given chart may differ somewhat from 
those shown in appendix K because of a change in the standards since printing of the 
chart or because the chart was published by an agency having a different set of standards. 

508. Lettering —Certain standards regarding lettering have been adopted, except 
on charts made from reproducibles furnished by foreign nations. 

Vertical type is used for features which are dry at high water and not affected by 
movement of the water, except for heights above water. 

Leaning type is used for water, underwater, and floating features, except soundings. 

The type of lettering used may be the only means of determining whether a feature 
may be visible at high tide. For instance, a rock might bear the Pitlegyeteu!t bers Rock”’ 
whether or not it extends above the surface. If the name is given in vertical letters, 
the rock constitutes a small islet; if in leaning type, the rock constitutes a reef. 

509. The shore line shown on nautical charts is the boundary between water and 
land at high tide (usually mean high water). A broken line indicates that the charted 
position is approximate only. The nature of the shore may be indicated, as shown 
by the symbols in part A of appendix K. 

Where the low-water line differs considerably from the high-water line, the low- 
water line may be indicated by dots in the case of mud, sand, gravel, or stones, with the 
kind of material indicated, and by a characteristic symbol in the case of rock or coral. 
The area alternately covered and uncovered may be shown by a tint which is a com- 
bination of the land tint and a blue water tint. 

In marsh or mangrove areas, the outer edge of vegetation is used as the shore line. 
The inner edge is marked by a broken line when no other symbol (such as a cliff, levee, 
etc.) furnishes such a limit. The area between inner and outer limits may be given the 
combined land-water tint or the land tint. 

510. Water areas.—Soundings or depths of water are shown in several ways. 
Individual soundings are shown by numbers. These do not follow the general rule for 
lettering. They may be either vertical or leaning, or both may be used on the same 
chart to distinguish between the data based upon different surveys, different datums, 
or furnished by different authorities. 

On all charts produced from surveys by United States vessels, soundings are shown 
in English units (feet or fathoms). The unit used is shown in the chart legend. 
Foreign charts may show depths in meters, and occasionally in other units. The units 
used on charts of various nations are shown in appendix L. 

“No bottom” soundings are indicated by a number with a line over the top and a 
dot over the line, thus: g5. This indicates that the spot was sounded to the depth 


indicated without reaching the bottom. Areas which have been wire dragged are 


shown by a limiting line, and the clear effective depth is indicated, with a characteristic 
symbol under the numbers, thus: 24. 
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The soundings are supplemented by a series of bottom contours or depth curves 
connecting points of equal depth. These lines present a graphic indication of the 
configuration of the bottom. The types of lines used for various depths are shown in 
part R of appendix K. On some of the recent charts of the U. S. Coast and Geodetic 
Survey an increased number of depth curves have been shown in solid blue or black 
lines, the depth represented by each being shown by numbers placed in breaks in the 
lines, as with land contours. This type chart, presenting a more detailed indication of 
the bottom configuration with fewer numerical soundings, is particularly useful to the 
vessel equipped with an echo sounder permitting continuous determination of a profile 
of the bottom. Such a chart, to be reliable, can be made only for areas which have 
been surveyed in great detail. 

Areas which uncover at low tide are tinted as indicated in article 509. Those 
areas out to a given depth, usually one, two, or three fathoms, often are given a blue 
tint, and occasionally a lighter blue is carried to some greater depth, usually five fathoms. 
On older charts the one-, two-, and three-fathom curves have stippled edges. Charts 
designed to give maximum emphasis to the configuration of the bottom show depths 
over the entire chart by a series of blue gradient tints similar to the tints sometimes 
shown on land areas to indicate graduations in height. These are called bathymetric 
charts. 

The side limits of dredged channels are indicated by broken lines. The controlling 
depth and the date it was determined, if known, are shown by a statement in or along 
the channel. The controlling depth is not necessarily an indication of the least depth 
in the channel on the date of determination. For channels less than 100 feet in width, 
at least 80 percent at the center is clear to the charted (controlling) depth. For 
channels more than 100 feet in width, at least the 50 percent at the center is clear to 
the charted depth. The possibility of shoaling since the controlling depth was deter- 
mined should be considered. 

The chart scale is generally too small to permit all soundings to be shown. In the 
selection of soundings to be shown, least depths are generally chosen first and a sounding 
pattern worked out to provide safety, a practical presentation of the bottom configura- 
tion, and a neat appearance. Depths greater than those indicated may be found close 
to charted depths, but steep changes in depth are given every consideration in sounding 
selection. Also, the state of the tide affects the depth at any given moment. An 
isolated shoal sounding should be approached with caution, or avoided, unless it is 
known that the area has been wire dragged, for there is always the possibility that a 
depth less than the least shown may have escaped detection. Also, the shoal area near 
a coast little frequented by vessels is sometimes not surveyed with the same thorough- 
ness as other areas. Such areas and those where rocks, coral, etc., are known to exist 
should be entered with caution, or avoided. 

The substance forming the bottom is shown by abbreviations, as listed in part 
S of appendix K. The meaning of some of the less-well-known terms is given below: 

Ooze Is a soft, slimy, organic sediment composed principally of shells or other hard 
parts of minute organisms. 
ae Fama a ae earthy deposit, particularly one of clay mixed with sand, 

» Cecomposed shells, etc. A layer of marl may become quite compact. 

Shingle consists of small, rounded, waterworn stones. It is similar to gravel 
but with the average size of stone generally larger. 

Schist is crystalline rock of a finely laminated nature. 

wees aes ae ca ee ee forms an important building material for reefs. 
rhc cn ae vate, or such material after it has solidified. It is formed 

issues from the earth through volcanoes. 
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Pumice is cooled volcanic glass with a great number of minute cavities caused by 
the expulsion of water vapor at high temperature, resulting in a very light material. 

Tufa is a porous rocky deposit sometimes formed in streams and in the ocean near 
the mouths of rivers. 

Scoria (plural scoriae) is rough, cinderlike lava. 

Seatangle is any of several species of seaweed, especially those of large size. 

Spicules are the small skeletons of various marine animals such as sponges. 

Foraminifera (plural) are small marine animals with hard shells of from one to 
many chambers. 

Globigerina is a very small marine animal of the foraminifera order, with a cham- 
bered shell, or the shell of such an animal. In large areas of the ocean the calcareous 
shells of these animals are very numerous, being the principal constituent of a soft 
mud or globigerina ooze, forming part of the ocean bed. 

Diatom is a microscopic animal with external skeletons of silica, often found in 
both fresh and salt water. Part of the ocean bed is composed of a sedimentary ooze 
consisting principally of large collections of the skeletal remains of diatoms. 

Radiolaria (plural) are minute sea animals with a siliceous outer shell. The 
skeletons of these animals are very numerous, especially in the tropics. 

Pteropod is a small marine animal with or without a shell and having two thin, 
winglike feet. These animals are often so numerous they cover the surface of the sea 
for miles. In some areas their shells cover the bottom. 

Polyzoa (plural) are very small marine animals which reproduce by budding, 
many generations often being permanently connected by branchlike structures. 

Cirripeda (plural) are barnacles and certain other parasitic marine animals. 

Fucus is a coarse seaweed growing attached to rocks. 

Matte is a dense, twisted growth of a sea plant such as grass. 

“Calcareous” is an adjective meaning ‘containing or composed of calcium or one 
of its compounds.” 

511. Chart datum.—Depths. All depths indicated on charts are reckoned from 
some selected level of the water, called the chart datum. The various chart datums 
are explained in chapter XXXI. On charts made from surveys conducted by the 
United States the chart datum is selected with regard to the tides of the region, so 
that depths might be shown in their least favorable aspect. On charts based upon 
those of other nations the datum is that of the original authority. When it is known, 
the datum used is stated on the chart. In some cases where the chart is based upon 
old surveys, particularly in areas where the range of tide is not great, the actual chart 
datum may not be known. 

For U. S. Coast and Geodetic Survey charts of the Atlantic and Gulf coasts of the 
United States and Puerto Rico the chart datum is mean low water. For charts of the 
Pacific coast of the United States, including Alaska, it is mean lower low water. Most 
U.S. Navy Hydrographic Office charts are based upon mean low water, mean lower low 
water, or mean low water springs. The chart datum for British Admiralty charts based 
upon British surveys is mean low water springs in areas where the daily inequality is 
small, and Indian spring low water where the daily inequality is large. The chart 
datum for charts published by other countries varies greatly, but is usually lower than 
mean low water. On charts of the Baltic Sea, Black Sea, the Great Lakes, and other 
areas where tidal effects are small or without significance, the datum adopted is an 
arbitrary height approximating the mean water level. Chart datums used in various 
areas are shown in appendix M. 

The chart datum of the largest-scale charts of an area is generally the same as the 
reference level from which height of tide is tabulated in the tide tables. 
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The height of a chart datum is usually only an approximation of the actual mean 
value specified, for determination of the actual mean height usually requires a longer 
series of tidal observations than is available to the cartographer, and the height changes 
somewhat over a period of time. 

Since the chart datum is generally a computed mean or average height at some state 
of the tide, the depth of water at any particular moment may be less than shown on 
the chart. For example, if the chart datum is mean lower low water, the depth of water 
at lower low water will be less than the charted depth about as often as it is greater. 
A lower depth is indicated in the tide tables by a minus sign (—). ; 

Heights. The shore line shown on charts is the high-water line, generally the 
level of mean high water. The heights of lights, rocks, islets, etc., are generally reckoned 
from this level. However, heights of islands, especially those at some distance from 
the coast, are often taken from sources other than hydrographic surveys, and may be 
reckoned from some other level, often mean sea level. The plane of reference for 
topographic detail is frequently not stated on the chart. 

Since heights are usually reckoned from high water and depths from some form of 
low water, the reference levels are seldom the same. This is generally of little practical 
significance, but it might be of interest under some conditions, particularly where the 
range of tide is large. 

512. Dangers are shown by appropriatesymbols, as indicated in part O of appendix K. 

A rock which is uncovered at mean high water is shown as an islet enclosed by a 
dotted line to make it more prominent. If an isolated, offlying rock is known to un- 
cover at the chart datum but to be covered at high water, the appropriate symbol is 
shown and the height above the chart datum, if known, is usually given, either by 
statement such as “Uncov 2 ft’ or by the figure indicating the number of feet above 
the chart datum underlined and usually enclosed in parentheses, thus: (2). This isillus- 
trated in figure 512a. A rock which does not uncover is shown by the appropriate symbol. 
If it is considered a danger to surface vessels, the symbol is enclosed by a dotted curve. 

A distinctive symbol is used to show a detached coral reef which uncovers at the 
chart datum. For a coral or rocky reef which is submerged at chart datum, the 
sunken rock symbol or an appropriate statement is used, enclosed by a dotted or dashed 
line if the limits have been determined. 

Several different symbols are used for wrecks, depending upon the nature 
of the wreck or scale of the chart. The usual symbol for a visible wreck is 
shown in figure 512b. A sunken 
wreck with less than ten fathoms 
of water over it is considered 
dangerous and its symbol is. sur- 
rounded by a dotted curve. The 
safe clearance depth found over a 
wreck is indicated by a standard 

ounding number placed at the 

wreck. If this depth is determined 
by a wire drag, the sounding is 
underscored by the wire drag sym- 
bol (art. 510). 

Tide rips, eddies, and kelp are 
shown by symbol or lettering. 

Piles, dolphins (clusters of 
piles), snags, stumps, etc., are 
Figure 512a.—A rock awash. shown by small circles and a label 


Bn loft high) 
last igh) 
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identifying the type of obstruction. —_[ race ee 

If such dangers are submerged, Sug es Meck 1 + age | 

the letters ‘“Subm’”’ precede the = ~~~ i 7 ve | 

label. eal cain \ a! na | 
513. Aids to navigation are . a 


shown by symbol, as given in ap- et 
pendix K, usually supplemented : 


Gr 
g 20 \ “Sea 
a Be NQ ve 


by abbreviations and sometimes | 7 ? ye? \ | 
by additional descriptive text. oh re es \ | 
In order to render the symbols — . Ca 

conspicuous it is necessary to | a ORS . 

show them in greatly exaggerated => > 

size relative to the scale of the | eo 


chart. It is therefore important ea 


that the navigator know which 
part of the symbol represents Fiaure 512b.—A visible wreck. 

the actual position of the aid. For floating aids (lightships and buoys), the 
position part of the symbol marks the location of the anchor or sinker, the aid 
swinging in an orbit around this position. 


The principal charted aids to navigation are lighthouses, beacons, lightships, radio- 
beacons, and buoys. The number of aids shown and the amount of information con- 
cerning them varies with the scale of the chart. Wherever distance of visibility is 
given, it is computed for a height of eye of the observer of 15 feet. Unless otherwise 
indicated, lights which do not alternate in color are white, and alternating lights are 
red and white. Light lists give complete navigational information concerning them. 

Lighthouses and lighted beacons are shown as black dots surrounded by magenta 
disks. The disks for primary lighthouses are a little larger than those for beacons. 
In either case, the center of the black dot within the magenta disk is the position of 
the light. On older charts a six-pointed star symbol was used for primary lighthouses 
and a five-pointed star symbol for beacons. The center of the star symbol marks the 
position of the light. 

On large-scale charts the characteristics of lights are shown in the following order: 


Characteristic Hxample Meaning 
1. Character Gp. FI. group flashing 
2. Color R red 
3. Period (2) 10 sec. two flashes every 10 seconds 
4. Height 160 ft. 160 feet 
5. Visibility 19M visible 19 nautical miles (15 ft. height of eye) 
6. Number “6% light number 6 


The legend for this light would appear on the chart: 
Gp. Fl. R (2) 10 sec. 160 ft. 19 M Wane 


On older charts this form is varied slightly. As the chart scale becomes smaller the six 
items listed above are omitted in the followiag order: first, height; second, period 
(seconds); third, number (of flashes, etc.) in group; fourth, light number; fifth, visi- 
bility. Names of unnumbered lights are shown when space permits. 

Daybeacons (unlighted beacons) are shown by small triangles, the center of the 
triangle marking the position of the aid. Except on Intracoastal Waterway charts the 
abbreviation Bn is shown beside the symbol, with the appropriate abbreviation for color. 
For black beacons the triangle is solid black and there is no color abbreviation. All 
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beacon abbreviations are in vertical lettering, as appropriate for fixed aids (fig. 513a). 
Lightships are shown by ship symbol, the center of the small circle at the base of 
the symbol indicating the position of the lightship’s anchor. On recent charts the 
circle is overprinted by a small 
Bi 
28 ie 


magenta disk as shown in figure 
513b. As a floating aid, the light 
characteristics and the name of the 
lightship are given in leaning letters. 

Radiobeacons are indicated on 
the chart by a small magenta circle, 
as shown in figure 513b, accom- 
panied by the appropriate abbre- 
viation to indicate whether an 
—_ niin ordinary radiobeacon (R Bn) or a 
a | pene lee re radar beacon (Racon). The same 

* yee2 ; symbol is used for a radio direction 
finder station with the abbreviation 
“RDF” and a coast radar station 
with the abbreviation Ra. Other 
radio stations are indicated by a 

Figure 513a.—A daybeacon. small black circle with a dot in the 

center, or a smaller circle without a 

dot, and the appropriate abbreviation. In every case the center of the circle marks 
the position of the aid. 

Buoys, except mooring buoys, are shown by a diamond-shaped symbol and a small 
dot outside the diamond and near one of its points (at one of its acute angles). The dot 
indicates the position of the buoy’s sinker. A mooring buoy is shown by a distinctive 
symbol as indicated at number 
22 of part L, appendix K. The aa i, 
small circle interrupting the 
symbol’s base line indicates the 
position of the sinker. 

A black buoy is shown by 
a solid black diamond symbol, 
without abbreviation. For all 
other buoys, color is indicated 
by an abbreviation, or in full by 
a note on the chart. In addi- 
tion, the diamond shape of | \ DIAPHONE R Bn 
symbols of red buoys are colored asian + i) 
magenta. A buoy symbol with \ ies 
a line connecting the side points) is 
(shorter axis), half of the sym- Fieure 513b.—A lightship with a radiobeacon. 
bol being magenta or open and 
ocean black, indicates horizontal bands. A line connecting the upper and 

oer. onger axis) represents vertical stripes. Two lines connecting the oppo- 
site sides of the symbol indicate a checkered buoy. 
eee Me ea se to the angle at which the diamond-shape appears on the 

S s pl aced So as to avoid interference with other features of the chart. 
Lighted bouys are indicated by a small magenta disk centered on the dot or small 
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circle indicating the position of the buoy’s sinker, as shown in figure 513c. On older 
charts a series of radiating lines representing light rays was drawn about the dot or 
circle, and no magenta disk was given. 

Abbreviations for light characteristics, type and color of buoy, number of the buoy, 
and any other pertinent information given near the symbol are in leaning letters. The 
letter C, N, or S, indicates a can, nun, or spar, respectively (art. 917). The words 
“bell,” “gong,” and “whistle,” are shown as BELL, GONG, and WHIS, respec- 
tively. The number or letter designation of the buoy is given in quotation marks on 
small-scale charts. On large-scale charts they are given without quotation marks or 
punctuation, thus: No 1, No 2, ete. 

Station buoys are not shown on small-scale charts, but are given on some large- 
scale charts. 

Aeronautical lights included in the light lists are shown by the lighthouse symbol, 
accompanied by the abbreviation “AERO”. The completeness to which the character- 
istics are shown depends principally upon the effective range of other navigational 
lights in the vicinity, and the 
usefulness of the light for marine ae 
navigation. 

Ranges are indicated by a 
dashed or solid line. If the di- 
rection is given, it is expressed 
in degrees clockwise from true 
north. 

Fog signal apparatus is indi- 
cated by the appropriate word in 
capital letters (HORN, BELL, 
GONG, etc.) or an abbreviation 
indicating the type of sound. 
The letters “‘D.F.S.” indicate a zs 
distance finding station having Figure 513c.—A lighted buoy. 
synchronized sound and radio 
signals. The location of a fog signal which does not accompany a visual aid, either 
lighted or unlighted, is shown by a small circle and the appropriate word in vertical 
block letters. 

Private aids are not indicated on the chart except in special cases. When they are 
shown, they are marked “Privately maintained” or ‘Priv. maintd?’ Any privately 
maintained unlighted aid is indicated by a small circle accompanied by the word 
“Marker,” or a larger circle with a dot in the center and the word “MARKER,” 
the symbols for any landmark or conspicuous object not having a distinctive symbol. 
The center of the circle indicates the position of the aid. A privately maintained 
lighted aid has the light symbol and is accompanied by the characteristics and the 
usual indication of its private nature. 

Floats are indicated by the open buoy symbol accompanied by the word “FLOAT.” 
Hither the lighted or unlighted symbol is used, as appropriate, to indicate whether or 
not the float displays a light. 

A light sector is the sector or area bounded by two radii and the arc of a circle in 
which a light is visible or in which it has a distinctive color different from that of 
adjoining sectors. The limiting radii are indicated on the chart by dotted lines. 

Colors of the sectors are indicated by words spelled out if space permits, or by 
abbreviation (W, R, etc.) if it does not. 


born 


ou 22 a abe +o y wer 
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Limits of light sectors and arcs of visibility as observed from a vessel are given in 
the light lists, in clockwise order. 

514. Land areas——The amount of detail shown on the land areas of nautical 
charts depends upon the scale, the intended purpose of the chart, and available informa- 
tion. Since the advent of radar, topographical details have increased and have been 
extended farther inland, where this information has been available. 

Relief is shown by contours, form lines, hachures, or tint shading. Tint shading 
is used principally to stress those terrain features affecting surface radar returns. It 
may be shown with or without contours and spot elevations. 

Contours are lines connecting points of equal elevation. The heights represented 
by the contours are indicated in leaning figures at suitable places along the lines. Heights 
are usually expressed in feét (or in meters with means for conversion to feet on certain 
special charts). The interval between contours is uniform over any one chart, except 
that certain intermediate contours are sometimes shown by dashed line. When contours 
are broken, their locations are approximate. 

Form lines are approximations of contours used for the purpose of indicating 
relative elevations. They are used in areas where accurate information is not available 
in sufficient detail to permit exact location of contours. Elevations of individual 
form lines are not indicated on the chart. 

Hachures are short lines, or groups of lines, indicating the direction and extent of 
steep slopes. The lines generally follow the direction of the slope, the length of the lines 
indicating the height of the slope. Distinctive symbols somewhat resembling hachures 
are used for cliffs or other steep slopes on or near the coast line, where contours or form 
lines, being virtually over each other, would be difficult to interpret or would fail to 
give a true indication of the nature of the terrain. 

Spot elevations are generally given only for summits or for tops of conspicuous 
landmarks. The heights of spot elevations and contours are given with reference to 
mean high water when this information is available. 

When there is insufficient space to show the heights of islets or rocks, they are 
indicated by leaning figures enclosed in parentheses in the water area nearby. 

Cities and roads. Except on the smaller scale charts, cities are usually represented 
by their street systems or a conventional system of intersecting lines. The symbol for 
large cities approximates their extent and shape. Street names are generally not 
charted except those along the waterfront on the largest scale charts. Only the more 
important streets are shown on smaller scale charts. In general, only the important 
through highways and roads leading from them to the waterfront are shown. Oc- 
casionally, highway numbers are given. When shown, trails are indicated by a light 
broken line. Buildings along the waterfront or individual ones back from the water- 
front but of special interest to the mariner are shown on large-scale charts. Special 
symbols are used for certain kinds of buildings, as indicated in part I of appendix K. 
Both single and double track railroads are indicated by a single line with cross marks. 
In general, city electric railways are not charted. A fence or sewer extending into 
the water is shown by a broken line, usually labeled. Airports are shown on small- 
scale charts by symbol and on large-scale charts by shape and extent of runways. 
Breakwaters and jetties are shown by single or double lines depending upon the scale 
of the chart. A submerged portion and the limits of the submerged base are shown 
by broken lines. 

515. Landmarks are shown by symbols, as given in appendix K. Some of the 
accompanying labels encountered on a chart are interpreted as follows: 

Building or house. One of these terms, as appropriate, is used when the entire 
structure is the landmark, rather than an individual feature of it. 
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A spire is a slender pointed structure extending above a building. It is seldom 
less than two-thirds of the entire height of the structure, and its lines are rarely broken 
by stages or other features. The term is not applied to a short pyramid-shaped structure 
rising from a tower or belfry. 

A cupola (kii’pé-la) is a small dome-shaped tower or turret rising from a building 
(fig. 515). 

A dome is a large, rounded, hemispherical structure rising above a building, or a 
roof of the same shape. A prominent example is that of the Capitol of the United States 
in Washington. . 

A chimney is a relatively small, upright structure projecting above a building for 
the conveyance of smoke. 

A stack is a tall smokestack or 
chimney. The term is used when 
the stack is more prominent as 
a landmark than accompanying 
buildings. 

A flagpole is a single staff from 
which flags are displayed. The 
term is used when the pole is not 
attached to a building. 

The term flagstaff. is used for 
a flagpole rising from a building. 

A flag tower is a scaffold-like 


tower from which flags are dis- Senin —ar 
played. Seg Ne tibneermcae ce I" 


A radio tower is a tall pole or j lf ( ON mo 
structure for elevating radio an- fT AWO. ASE 
tennas. Figure 515.—A cupola. 

A radio mast is a relatively 
short pole or slender structure for elevating radio antennas, usually found in groups. 

A tower is any structure with its base on the ground and high in proportion to its 
base, or that part of a structure higher than the rest, but having essentially vertical 
sides for the greater part of its height. 

A lookout station or watch tower is a tower surmounted by a small house from 
which a watch is kept regularly. 

A water tower is a structure enclosing a tank or standpipe so that the presence of 
the tank or standpipe may not be apparent. 

A standpipe is a tall cylindrical structure, in a waterworks system, the height 
of which is several times the diameter. 

The term tank is used for a water tank elevated high above the ground by a tall 
skeleton framework. 

The expression gas tank or oil tank is used for the distinctive structures described 
by these words. 


516. Miscellaneous.—Measured mile. A measured nautical mile indicated on a 
chart is accurate to within six feet of the correct length. Most measurements in the 
United States were made before 1959, when the United States adopted the international] 
nautical mile. The new value is within six feet of the previous standard length ol 
6,080.20 feet, adjustments not having been made. If the measured distance differs 
from the standard value by more than six feet, the actual measured distance is stated 
and the words ‘“‘measured mile” are omitted. 
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Periods after abbreviations in water areas are omitted, as these might be mistaken 
for rocks. However, a lower case 7 or 7 is dotted. 

Courses shown on. charts are given in true directions, to the nearest minute of arc. 

Bearings shown are in true directions toward (not from) the objects. 

Commercial radio broadcasting stations are shown on charts when they are of 
value to the mariner either for obtaining radio bearings or as landmarks. 

Rules of the road. Lines of demarcation between the areas in which international 
and inland rules apply are shown only when they cannot be adequately described in 
notes on the chart. eV 

Compass roses are placed at convenient locations on Mercator charts to facilitate 
the plotting of bearings and courses. The outer circle is graduated in degrees with 
zero at true north. The inner circle is graduated in points and degrees with the arrow 
indicating magnetic north. 

Magnetic information. On many charts magnetic variation is given to the nearest 
15’ by notes in the centers of compass roses. When this is done, the annual change is 
given to the nearest 1’ to permit correction of the given value at a later date. However, 
since the annual change is a variable quantity, and since the values given are rounded 
off, as well as for other reasons, it is wise to use a chart of recent date. On other charts 
the variation is given by a series of isogonic lines connecting points of equal variation, 
usually a separate line being given for each degree of variation. The line of zero varia- 
tion is called the agonic line. Many plans and insets show neither compass roses nor 
isogonic lines, but indicate magnetic information by note. A local magnetic disturbance 
of sufficient force to cause noticeable deflection of the magnetic compass, called 
local attraction, is indicated by a note on the chart. 

Currents are sometimes shown on charts by means of arrows giving the directions, 
and figures giving the speeds. The information thus given refers to the usual or average 
conditions, sometimes based upon very few observations. It is not safe to assume that 
conditions at any given time will not differ considerably from those shown. 

Longitudes are reckoned eastward and westward from the meridian of Greenwich, 
England, unless otherwise stated. N early all modern charts use Greenwich. 

Notes on charts should be read with care, as they may give important information 
not graphically presented. Several types of notes are used. First, those in the margin 
give such information as the chart number and (sometimes) price, publication and 
edition notes, identification of adjoining charts, etc. Second, notes in connection with 
the chart title include such information as scale, sources of charted data, tidal informa- 
tion, the unit in which soundings are given, cautions, etc. A third class of notes is that 
given in proximity to the detail to which it refers. Examples of this type of note are 
those referring to local magnetic disturbance, controlling depths of channels, measured 
miles, dangers, dumping grounds, anchorages, etc. 

Title. The chart title may be at any convenient location, usually in some area 
not important to navigation. It is composed of several distinctive parts as shown in 
figure 516. 

Use of Charts 


517. Advance preparation.—Before a chart is to be used, it should be studied 
carefully. All notes should be read and understood. There should be no question of 
the meanings of symbols or the unit in which depths are given, for there may not be 
time to determine such things when the ship is underway, particularly if an emergency 
should arise. Since the graduations of the latitude and longitude scales differ con- 
siderably on various charts, those of the chart to be used should be noted carefully. 
Dangers and abnormal conditions of any kind should be noted. 
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ASIA 
PERSIAN GULF—SAUDI ARABIA 


APPROACHES TO 
SPECIFIC LOCALITY >RA’ S AT TAN N U RA H 


SOURCE AND DATE(S) 5 From U.S. Navy surveys between 1940 and 1952 


GENERAL GEOGRAPHIC AREA ——>> 


OF SURVEY with additions from British surveys in 1949 and 1950 
| SOUNDINGS IN FATHOMS 
(Under Eleven in Fathoms and Feet) 
CHART DATUM ———> reduced to the approximate level of Indian Spring Low Water 


HEIGHTS IN METERS ABOVE MEAN SEA LEVEL 
Value of heights in feet shown thus: (/02 ft/ 


LEGEND ——————————> For Symbols and Abbreviations, see Chart No. 1 


PROJECTION ——————> MERCATOR PROJECTION 

HORIZONTAL DATUM —_—$_—$—$<—<—@&@&@ _—_—_{_—_—_——— >> _ NAHRWAN DATUM 

SCALE. ————_——> SCALE _ 1:150,000 AT LAT. 27° 
Figure 516.—A chart title. 


Particular attention should be given to soundings. It is good practice to select 
a realistic danger sounding (art. 911) and mark this prominently with a colored pencil. 

It may be desirable to place additional information on the chart. Arcs of circles 
might be drawn around navigational lights to indicate the limit of visibility at the 
height of eye of an observer on the bridge. Notes regarding the appearance of light 
structures, tidal information, prominent ranges, or other information from the light 
lists, tide tables, tidal current tables, and sailing directions might prove helpful. 

The particular preparation to be made depends upon the requirements and the 
personal preferences and experience of the individual navigator. The specific infor- 
mation selected is not important. But it is important that the navigator familiarize 
himself with his chart so that in an emergency the information needed will be available 
and there will be no question of its meaning. 

518. Maintaining charts.—When a chart is received, the date to which it has been 
hand corrected will be found stamped in the margin. Responsibility for maintaining it 
after this date lies with the user. An uncorrected chart 1s a menace. The various issues 
of Notice to Mariners subsequent to the stamped hand correction date contain all 
the information needed for maintaining charts. The more urgent items are also given 
in advance in the Daily Memorandum or by radio broadcast. A convenient way of 
keeping a record of the Notice to Mariners corrections made to each chart on hand is 
by means of 5X8-inch chart correction record cards (PRNC-NHO-5610/2, formerly 
form N.H.O. 1278), which can be purchased for a nominal sum. 

When a new edition of a chart is published, it should be obtained and the old one 
retired from use. The very fact that a new edition has been prepared generally indi- 
cates that there have been changes that cannot adequately be shown by hand correction. 

519. Use and stowage of charts.—Charts are among the most important aids of 
the navigator, and should be treated as such. When in use they should be spread 
out flat on a suitable chart table or desk, and properly secured to prevent loss or 
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damage. Every effort should be made to keep charts dry, for a wet chart stretches 
and may not return to the original dimensions after drying. The distortion thus 
introduced may cause inaccurate results when measurements are made on the chart. 
If a chart does become wet, the distortion may be minimized by ironing the chart 
with a warm iron until it is dry. 

Permanent corrections to charts should be made in ink so that they will not be 
inadvertently erased. All other lines should be drawn lightly in pencil so that they 
can be easily erased without removing permanent information or otherwise damag- 
ing the chart. To avoid possible confusion, lines should be drawn no longer than 
necessary, and adequately labeled. When a voyage is completed, the charts should 
be carefully and thoroughly erased unless there has been an unusual incident such 
as a grounding or collision, when they should be preserved without change, as they 
will undoubtedly be requested by the investigating authority. After a chart has been 
erased, it should be inspected carefully for possible damage and for incompletely 
erased or overlooked marks that might prove confusing when the chart is next used. 

When not in use charts should be stowed flat in their proper drawers or portfolios, 
with a minimum of folding. The stowed charts should be properly indexed so that 
any desired one can be found when needed. In removing or replacing a chart, care 
should be exercised to avoid damage to it or other charts. 

A chart that is given proper care in use and stowage can have a long and useful life. 

520. Chart lighting.—In the use of charts it is important that adequate lighting 
be provided. However, the light on the bridge of a ship underway at night should 
be such as to cause the least interference with the darkness-adaptation of the eyes of 
bridge personnel who watch for navigational lights, running lights, dangers, etc. 
Experiments by the Department of the Navy have indicated that red light is least 
disturbing to eyes which have been adapted to maximum vision during darkness. In 
some instances red lights, filters, or goggles have been provided on the bridges or in 
chartrooms of vessels. However, the use of such light seriously affects the appearance 
of a chart. Red, orange, and buff disappear. Other colors may appear changed. 
This has led to the substitution of magenta or purple for red and orange, and gray for 
buff on some charts. However, before a chart is used in any light except white, a 
preliminary test should be made and the effect noted carefully. If a glass or plastic 
top is provided for the chart table or desk, a dim white light below the chart may provide 
sufficient illumination to permit chart reading, without objectionable disturbance of 
night vision. 
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CHAPTER VI 


INSTRUMENTS FOR PILOTING AND DEAD RECKONING 


Introduction 


601. Kinds of instruments.—The word “instrument” has several meanings, at 
least two of which apply to navigation: (1) an implement or tool, and (2) a device by 
which the present value of a quantity is measured. Thus, a straightedge and a mechan- 
ical log are both instruments, the first serving as a tool, and the second as a measuring 
device. This chapter is concerned with the navigational instruments used for plotting, 
and those for measuring distance or speed, depth, and direction. Instruments for 
measuring time are discussed in chapter XV. These quantities are the basic data in 
dead reckoning (ch. VIII) and piloting (ch. IX). Other instruments are discussed in 
chapters XI, XV, XX XVII, and XL. 

In addition to the instruments discussed, several others are important to the 
navigator. Binoculars are helpful in observing landmarks. A flashlight has many 
uses, the principal one being to illuminate the scales of instruments when they are to 
be read at night. Erasers should be soft, and pencils should not be so hard that they 
damage the surface of the chart. The navigator’s chart is discussed in chapter V. 


Plotting Instruments 


602. Dividers and compasses.—Dividers, or “‘pair of dividers,”’ is an instrument 
originally used for dividing a line into equal segments. The instrument consists essen- 
tially of two hinged legs with pointed ends which can be separated to any distance 
from zero to the maximum imposed by physical limitations. The setting is retained 
either by friction at the hinge, as in the usual navigational dividers, or by means of a 
screw acting against a spring. 

If one of the legs carries a pencil or ruling pen, the instrument is called compasses. 
The two legs may be attached to a bar of metal or wood instead of being hinged, thus 
permitting greater separation of the points. Such an instrument is called beam 
compasses or beam dividers (fig. 4011b). 

The principal use of dividers in navigation is to measure or transfer distances on 
a chart, as described in article 804. Compasses are used for drawing distance circles 
(art. 905), circles of visibility (art. 916), or any plotting requiring an arc of a circle. 

The friction at the hinge of most dividers and compasses can be varied, and should 
be adjusted so that the instrument can be manipulated easily with one hand, but will 
retain the separation of the points in normal handling. A drop of oil on the hinge 
may be required occasionally. The points should be sharp, and should have equal 
length, permitting them to be brought close together for the measurement of very short 
distances. 

For navigation, it is desirable to have dividers and compasses with comparatively 
long legs, to provide adequate range for most requirements. It is desirable to learn 
to manipulate dividers or compasses with one hand. 

603. Parallel rulers are an instrument for transferring a line parallel to itself. In 
its most common form it consists of two parallel bars or rulers, connected in such a 
manner that when one is held in place on @ flat surface, the other can be moved, remain- 
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ing parallel to its original direction. Firm pressure is required on one ruler while the 
other is being moved, to prevent slippage. The principal use of parallel rulers in 
navigation is to transfer the direction of a charted line to a compass rose, and vice versa. 

The edges of the rulers should be truly straight; and in the case of double-edged 
rulers, should be parallel to each other in order that either edge can be used. Paral- 
lelism can be tested by comparison of all edges with the same straight line, as a meridian 
or parallel of a Mercator chart. The linkage can be tested for looseness and lack of 
parallelism by ‘“‘walking”’ the rulers between parallel lines on opposite sides of the chart 
and back again. 

Some metal parallel rulers have a protractor engraved on the upper surface to 
permit orientation of the ruler at any convenient meridian. 

In one type of instrument, parallelism during transfer is obtained by supporting 
a single ruler on two knurled rollers. Both rollers have the same diameter, and the 
motion of one is transmitted to the other by an axle having a cover which provides a 
convenient handle. This type of ruler is convenient and accurate, and is less likely 
to slip than the linked double-ruler type. However, care is necessary to prevent its 
rolling off the chart table when the vessel is rolling or pitching. 

Directions can also be transferred by means of two triangles such as are used in 
drafting, or by one triangle and a straightedge. One edge of a triangle is aligned in 
the desired direction and the triangle is then moved along a straightedge held firmly 
against one of its other edges until the first edge is at the desired place on the chart. 
Some triangles have protractors (art. 604) engraved on them to assist in transferring 
lines. Such a triangle becomes 
a form of plotter (art. 605). 

604. Protractor.—A pro- 
tractor is a device for measuring 
angles on a chart or other surface. 
It consists essentially of agradu- 
ated arc, usually of 180°, on suit- 
able material such as metal or 
plastic. 

A three-arm protractor con- 
sists essentially of a circular pro- 
tractor with three radial arms 
attached. This instrument, 
discussed in greater detail in 
article 4011, is used primarily 
in hydrographic surveying. 

605. Plotters.—The in- 
creased popularity of graphical 
methods in practical navigation 
during recent decades has re- 
sulted in the development of a 
wide variety of devices to facili- 
tate plotting. In its most 
common form, such a device con- 
sists essentially of a protractor 
combined with a straightedge. 
There are two general types, one 
FieuRE 605.—Two plotters having no movable parts. having no movable parts, and 


| 
READ DIRECTION 60°—240° HERE 


CENTER OVER| MERIDIAN 


READ DIRECTION 60°— 240° HERE 
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the other having a pivot at the center of the arc of the protractor, to permit rotation 
of the straightedge around the protractor. Examples of the fixed type are illustrated 
in figure 605. Those shown were designed for air navigation, but are applicable to 
many processes of marine navigation. The direction of the straightedge is controlled 
by placing the center of the protractor arc and the desired scale graduation on the 
same reference line. If the reference line is a meridian, the directions shown by the 
straightedge are true geographic directions. If, as in some processes of celestial navi- 
gation, it is desired to plot a line perpendicular to another line, the direction may be 
measured from a parallel of latitude or its equivalent, instead of adding or subtract- 


Figure 606.—Drafting machine. 


ing 90° from the value and measuring from a meridian. Some fixed-type plotters have 
auxiliary scales labeled to indicate true direction if a parallel is used as the reference. 

Most plotters also provide linear distance scales, as shown in figure 605. In the 
movable-arm type of plotter, a protractor is aligned with a meridian, and the movable 
arm is rotated until it is in the desired direction. 

606. Drafting machine.—If a chart table of sufficient size is available, a drafting 
machine (fig. 606) is probably the most desirable plotting instrument. The straight- 
edge of this instrument can be clamped so as to retain its direction during movement 
over tbe entire plotting area. Straightedges of various lengths and linear scales are 
interchangeable. Some models make provision for mounting two straightedges per- 
pendicular to each other. However, for most purposes of navigation, the perpendicular 
is more conveniently obtained by the use of a triangle with a single straightedge. The 
movable protractor also retains its orientation, and can be adjusted to conform to the 
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compass rose of a chart secured in any position on the chart table. Directions of the 
straightedge can then be read or set on the protractor without reference to charted 
compass roses. Use of the clamped protractor requires that charted meridians be 
straight and parallel, as on a Mercator chart (art. 305). Its use 1s restricted with 
projections such as the Lambert conformal (art. 314), on which meridians converge. 

When a drafting machine is used, the chart or plotting sheet is first secured 
to the chart table. The straightedge is aligned with a meridian (or parallel) and 
clamped in position. The protractor is then adjusted so that 000° and 180° (090° and 
270° if a parallel is used) are at the ruler indices, and clamped. With this setting, any 
subsequent position of the ruler is indicated as a true direction. If the protractor is 
offset by the amount of the compass error (ch. VII), true directions can be plotted by 
setting the straightedge at the compass direction on the protractor, without need for 
applying compass error arithmetically. However, it is generally preferable to keep it 
set to true directions, and apply compass error mentally. 

If accurate results are to be obtained, the anchor base must be rigidly fastened to 
the chart table. This should be checked from time to time, as the base may be loosened 
by vibration or normal use. The pivots in the anchor base should be firm without 
binding. The endless belts of the parallel motion mechanism should be taut if rigidity 
of the ruler is to be preserved. Provision is usually made for adjusting each of the 
various rulers to uniformity of alignment so that any other ruler can be substituted 
without changing the setting. As with parallel rulers, the device can be checked for 
parallelism by means of meridians or parallels on opposite sides of a Mercator chart. 


Distance and Speed Measurement 


607. Units of measurement.—Mariners generally measure horizontal distances in 
nautical miles (art. 205), but occasionally in yards or feet. Either feet or fathoms are 
used for measuring depth of water, and feet for measuring height above water. The 
British yard is now equal to that of the United States (art. 205). However, the differ- 
ence was never significant in the ordinary practice of navigation. Nations which 
have adopted the metric system use meters in place of yards, feet, and fathoms, and 
for some purposes they use kilometers in place of nautical miles. Conversion factors 
for these and other units are given in appendix D. Nautical miles of 6,076.11549 feet 
(approximately) and land or statute miles of 5,280 feet can be interconverted by means 
of table 20. Meters, feet, and fathoms can be interconverted by means of table 21. 

Speed is customarily expressed in knots (art. 206), or for some purposes, in kilo- 
meters per hour, or yards or feet per minute. For short distances, a nautical mile can be 
considered equal to 2,000 yards or 6,000 feet. This is a useful relationship because 


6,000 feet : : : : 
Gir tainaiee oe feet per minute. Thus, speed in knots is equal approximately to 


hundreds of feet per minute or, hundreds of yards per 3-minute interval. 
608. Distance, speed, and time are related by the formula 


distance=speed X time. 


Therefore, if any two of the three quantities are known, the third can be found. The 
units, of course, must be consistent. Thus, if speed is measured in knots, and time 
in hours, the answer is in nautical miles. Similarly, if distance is measured in yards, 
and time in minutes, the answer is in yards per minute. 

Table 19 is a speed, time, and distance table which supplies one of the three values 
if the other two are known. It is intended primarily for use in finding the distance 
steamed in a given time at a known speed. Table 18 is for use in determining speed 
by measuring the time needed to steam exactly one mile. 
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The solution of problems involving distance, speed, and time can easily be accom- 
plished by means of a slide rule (art. 015). If the index of scale C is set opposite speed 
in knots on scale D, the distance in nautical miles appears on scale D opposite time in 
hours on scale OC. If 60 of scale C is set opposite speed in knots on scale D, the distance 
covered in any number of minutes is shown on scale D opposite the ieiites on scale C 
Several circular slide rules particularly adapted for solution of distance, speed, sown 


DISTANCE 


RED NAUT MILES 
BLACK--YARDS 


NAUTICAL SLIDE RULE 
U. S.NAVY BUREAU OF SHIPS 
MFR'S. PART NO. FNS-3 
CONTRACT NO. NXss-60767 
G. FELSENTHAL & SONS, CHICAGO 


Figure 608.—The nautical slide rule.. 


time problems have been devised. One of these, called the “Nautical Slide Rule” is 
shown in figure 608. 

609. Measurement of distance to an object can be made in a variety of ways, as 
by radar (art. 1208), sonar (art. 1108), RAR beacon (art. 1205), distance finding sta- 
tion (art. 1205), sextant angle (art. 905), range finder, or by several indirect methods. 
Another method used principally for measuring distance between ships in formation, 
but useful in measuring other distances, is by means of a small, hand-held instrument 


called a stadimeter. 
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Fiaure 609a.—Stadimeters. Brandon (sextant) type at left; Fisk type at right. 


Two types of stadimeters are illustrated in figure 609a. Both the Brandon 
or sextant type and the Fisk type operate on the principle used in table 9: 


In a plane right triangle, ABC, having opposite sides a, b, and ¢, 


tan A=*, and b=a cot A. 

This is applied to the stadimeter as shown in figure 609b. The height of the object 
is set on the height scale of the instrument, and the measured subtended angle is ex- 
pressed in yards on the distance (range) scale. To measure the angle, one directs the 
line of sight through the instrument to the water line of the object observed, and ad- 
justs the range index until the reflection of the top of the object is seen in coincidence 
with the water line. If the readings are not within the scale of the instrument, some 
fraction or multiple of the height can be used and a corresponding adjustment made 
to the answer. Thus, if half the height is set on the instrument, the distance indicated 
is half the correct value. 

Since the observer’s eye is not at the water level, a right angle is not necessarily 
formed between the line of sight and the top of the observed object. However, the 


Figure 609b.— 


Geometry of a stadimeter measurement. The distance b=a cot A. 
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resulting error is so small that it can be neglected under ordinary circumstances. 

The aspect of a ship observed should be considered in stadimeter ranges. Thus, 
little error is introduced if the observer is broad on the beam of the other vessel, as in 
figure 609b, but less accuracy is obtained if the other vessel presents an end-on view, 
unless the water line directly below the masthead is correctly estimated. 

A stadimeter can be used to indicate that a change in distance has occurred, even 
when the height of the object is not known. Similar indication of a change in distance 
can be obtained by a sextant (art. 905), or the actual distance can be determined by 
the measured angle and table 9 if the height is known. 

610. Measurement of distance traveled may be made directly, or the distance 
can be determined indirectly by means of the speed and time, using the relationship 
given in article 608. 

One of the simplest mechanical distance-measuring devices is the taffrail log, con- 
sisting of (1) a rotator which turns like a screw propeller when it is towed through the 
water; (2) a braided log line, up to 100 fathoms in length, which tows the rotator and 
transmits its rotation to an indicator on the vessel; and (3) a dial and pointer mech- 
anism which registers the distance traveled through the water. In some installations, 
the readings of the register are transferred electrically to a dial on or near the bridge. 

The taffrail log is usually streamed from the ship’s quarter, although it may be 
carried at the end of a short boom extending outboard from the vessel. The log line 
should be sufficiently long, and attached in such position, that the rotator is clear of 
the disturbed water of the wake of the vessel; otherwise an error is introduced. Errors 
may also be introduced by a head or following sea; by mechanical wear or damage, such 
as a bent fin; or by fouling of the rotator, as by seaweed or refuse. 

An accurately calibrated taffrail log in good working order provides information 
of sufficient reliability for most purposes of navigation. Its readings should be checked 
at various speeds by towing it over a known distance in an area free from currents. 
Usually, the average of several runs, preferably in opposite directions, is more accu- 
rate than a single one. If an error is found, it is expressed as a percentage and applied 
to later readings. The calibration should be checked from time to time. 

Although a taffrail log is included in the equipment carried by many oceangoing 
vessels, the convenience and reliability of other methods of determining distance or 
speed have reduced the dependence formerly placed upon this instrument. 

611. Measurement of speed.—Speed can be determined indirectly by means of 
distance and time, or it can be measured directly. All instruments now in common 
use for measuring speed determine rate of motion through the water. This is done 
(1) electromagnetically, (2) by measuring the water pressure due solely to the for- 
ward motion of the vessel, (3) by means of a small screw propeller having a speed of 
rotation proportional to speed of the vessel, and (4) by determining the relationship 
between ship speed and speed of rotation of its screw or screws. Instruments for 
measuring speed, like those for measuring distance, are called logs. 

Before the development of modern logs, speed was determined in a number of 
ways. Perhaps the most common primitive device is the chip log (art. 112), although a 
ground log (a weight, with line attached, which was thrown overboard and rested on 
the bottom in shallow water) and a Dutchman’s log (art. 112) have also been used. 
These devices are rarely used by modern navigators. 

Speed over the bottom can be determined (1) by direct measurement; (2) by 
measuring on the chart or plotting sheet the distance made good between fixes, and 
dividing this by the time; or (3) by finding the vector sum of velocity through the 
water and velocity of the current. A suitable instrument for measuring speed over 
the bottom is not generally available, although some developmental work along this 
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line has been done. Measurement of the distance between two fixes requires a method 
of obtaining accurate fixes. The third method requires knowledge of velocity through 
the water, and current. An estimate of the current can be used to determine the approxi- 
mate course and speed over the bottom. However, estimates are not always accurate, 
and an instrument to measure current would provide better results. Such an instru- 
ment, called the geomagnetic electrokinetograph (GEK), has been developed. By 
means of two electrodes towed astern, beyond the magnetic influence of the vessel, 
the component of current perpendicular to the course is measured. By measurement 
of two such components, preferably on perpendicular courses, one can determine the 
total current. This device has given satisfactory results in experimental work, having 
been used primarily by oceanographers in their study of ocean currents, but has not 
been adapted for use in ordinary navigation. 

612. The electromagnetic type underwater log consists essentially of a rodmeter, 
an oscillator-amplifier, and an indicator-transmitter. The rodmeter, which protrudes 
below the hull of the vessel, contains an electromagnetic sensing element which pro- 
duces a voltage directly proportional to speed through the water. This voltage is 
amplified in the oscillator-amplifier, and is converted to pointer and synchro indica- 
tions of speed in the indicator-transmitter. The speed signals are also converted to 
distance, by means of a roller-and-disk mechanism in the indicator-transmitter. This 
system has no orifice or moving parts external to the vessel, and has high precision 
and accuracy from zero speed to full scale. 

613. Speed measurement by dynamic water pressure-—When an object is moving 
through a fluid such as water or air, its forward side is exposed to a dynamic pressure 
which is proportional to the speed at which the object is moving, in addition to the 
static pressure due to depth and density of the fluid above the object. When the fluid 
is water, and ship speeds are involved, dynamic pressure is equal to 


S? 
1.8329 


where P is dynamic pressure, 5 is speed through the water, and g is the acceleration 
due to gravity (32.2 feet per second per second, approximately). If this formula is 
solved for S, it becomes 


S=1.353VgP: 
If 32.2 is substituted for g: 


S=7.68 /P. 


Therefore, if dynamic pressure can be measured, this principle can be used for deter- 
mining speed. 

One of the most widely used means of measuring dynamic pressure is by a Pitot 
tube. This device consists of a tube having an opening on its forward side or end. 
If the tube is stationary in the water, this opening is subject to static pressure only. 
But when the tube is in motion, the pressure at the opening is the sum of static and 
dynamic pressures. This is called Pitot pressure or total pressure. The Pitot tube is 
surrounded by an outer tube which has openings along its athwartship sides. Whether 
the tube is stationary or in motion, these openings are subject to static pressure only. 

In the Pitot-static log (fig. 613) the Pitot tube is in the form of a vertical ‘“‘rodmeter”’ 
which extends through and is supported by a sea valve in the vessel’s bottom. The 
tube extends 24 to 30 inches below the bottom of the vessel, into water relatively 
undisturbed by motion of the hull. The two pressures, Pitot and static. are led to 
separate bellows attached to opposite ends of a centrally pivoted lever. This lever is 
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Courtesy of Pitometer Log Corporation. 
Figure 613.—A Pitot-static log. 
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electrically connected to a mechanism which controls the speed of a pump. When the 
vessel is dead in the water, the pressures are equal, and the pump Is stopped. en 
the ship is mgving, the pump speed is regulated so that the pressures in the two bellows 
are equalized. Thus, the pump speed is proportional to the ship speed. 

Through suitable gearing, the pump provides a mechanical output at the rate 
of 60 revolutions per nautical mile. This rotation is transmitted electrically to the 
master indicator, where the distance traveled appears on the distance counter in units 
of 0.01 nautical mile. In addition, the master indicator has a timing device which 
transforms distance and time into speed, the latter appearing on the speed dial 

Both speed and distance indications may be transmitted to various repeaters 
throughout the ship. Logs of this type have been replaced in ships of the US. N avy 
by those of the electromagnetic type to provide both greater accuracy at each calibration 
speed and over a given range of speeds. 

In an early model of this type log, the two pressures from the Pitot tube are led 
to opposite sides of a manometer. The difference in pressure is indicated by a pressure 
gage graduated to read directly in knots. Distance is determined by a mechanical 
integrator and cam attached to the speed dial. ay 

Various less accurate instruments have been devised for determining speed by 
measuring water pressure due to forward motion of the vessel. These are relatively 
simple, inexpensive instruments intended primarily for use by small craft. One instru- 
ment has a finger which the water pressure forces aft against a calibrated spring. A 
flexible hydraulic cable transmits the motion to a speed indicator. Another instrument 
uses a small scoop attached to the hull of the vessel. The pressure of the water scooped 
up is transmitted by tubing to the speed indicator, which is essentially a pressure gage 
graduated in knots. A third type measures the drag of a small towed object. The 
accuracy of such devices depends to a large extent upon the refinements of design, 
manufacture, installation, maintenance, and calibration. 

614. Impeller-type log.—An impeller-type log has a small propeller-driven alter- 
nating-current generator located near the outer end of a rodmeter which extends through 
a sea valve on the hull plating, and projects approximately two feet into the water. 
The propeller rotates as it moves through the water. The number of its revolutions is 
proportional to the distance traveled through the water, and its speed of rotation is 
proportional to the ship’s speed. The output of the generator is amplified, and passed 
to the master indicator-transmitter, where the number of cycles, reduced by gearing, is 
recorded on mileage counter dials in units of 0.01 nautical mile. The frequency of the 
alternating current, being proportional to ship speed, is transmitted to a tachometer 
mechanism geared to the pointer of the speed indicator. Calibration is accomplished 
by adjusting the position of driving rollers along the radius of a driven disk. 

The speed and distance indications of the master indicator can be transmitted to 
remote indicators. Speed indications of this equipment are accurate to approximately 
0.15 knot at speeds between 0.25 knot and 25 knots. 

615. Speed by engine revolution counter.—The number of turns of a propeller 
shaft is proportional to the distance traveled. If the element of time is added, speed 
can be determined. If the screw were advancing through a solid substance, the dis- 
tance it would advance in one revolution would be the pitch of the screw. Thus, if a 
propeller having a pitch of ten feet turns at 200 revolutions per minute, it advances 
2,000 feet in one minute, equivalent to a speed of 19.75 knots. It does not do so in 
water because of slip, the difference between the distance it would advance in a solid 
substance and actual distance traveled, expressed as a percentage of the former. For 
example, if slip is 18 percent, both the ship’s speed and distance covered are reduced 


iY this percentage. Thus, instead of 19.75 knots, the speed is only 19.75 X0.82=16.2 
nots. 


INSTRUMENTS FOR PILOTING AND DEAD RECKONING 131 


Slip depends upon the type and speed of rotation of the propeller, the type of 
ship, the condition of loading and ship’s bottom, the state of the sea and the ship’s 
course relative to it, and the apparent wind. Despite the many variables, slip can be 
determined with sufficient accuracy for practical navigation. This is usually accom- 
plished by steaming a known distance and noting the time of passage. The speed 
corresponding to the number of revolutions being used can then be determined by 
means of the formula of article 608, in the form 


distance 


apebdar time 


or by reference to table 18 (if the distance is exactly one mile). Thus, speed can be 
determined directly, without computing slip, and a table or curve of ship speed for 
various engine revolution speeds can be made. In determining speed in this manner, 
the average speed of two runs (one in each direction) should be used. The vessel 
should be on course and speed long enough to stabilize slip before starting each run. 
Any suitable distance can be used, but a distance of one nautical mile has been measured 
at various convenient locations. Each such measured mile is suitably marked on the 
beach, and shown on the chart, with the course to steer. 

This method of determining speed is widely used in the merchant marine. By means 
of an engine revolution counter the number of revolutions during any suitable time 
interval can be measured. If a tachometer is available, the rate of shaft revolution is 
determined, usually in revolutions per minute. For best results, allowance should 
be made for condition of the bottom, draft and trim of the vessel, and the state of the sea. 


Depth Measurement 


616. Importance.—Accurate knowledge of the depth of water under a vessel is 
of such navigational importance that there is a legal requirement that American 
merchant vessels of 500 gross tons or more engaged in ocean and coastwise service 
“shall be fitted with an efficient mechanical deep-sea sounding apparatus in addition 
to the deep-sea hand leads.” 

617. The lead (léd) is a device consisting of a suitably marked line having a 
weight attached to one of its ends. It is used for measuring depth of water. Although 
the lead is probably the oldest of all navigational aids, it is still a highly useful device, 
particularly in periods of reduced visibility. Although its greatest service is generally 
in the shoal water near the shore, it sometimes can provide valuable information when 
the vessel is out of sight of land. 

Two types of lead are in common use, the hand lead, weighing from 7 to 14 pounds 
and having a line marked to about 25 fathoms; and the deep-sea (dipsey) lead, weighing 
from 30 to 100 pounds and having a line marked to 100 fathoms or more in length. 
The markings commonly used on lead lines are as follows: 


Distance Distance 
from lead from lead 
an fathoms Marking in fathoms Marking 
2 two strips of leather 20 short line with two knots 
3 three strips of leather Zb short line with one knot 
5 white rag (usually cotton) 30 short line with three knots 
7 red rag (usually wool) 35 short line with one knot 
10 leather with hole 40 short line with four knots 
13 same as three fathoms 45 short line with one knot 
15 same as five fathoms 50 short line with five knots 


17 same as seven fathoms etc. 
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Fathoms marked on the lead line are called marks. The intermediate whole 
fathoms are called deeps. In reporting depths it is customary to use these terms, as 
“by the mark five,” “deep six,’’ etc. The only fractions of a fathom usually reported 
are halves and quarters, the customary expressions being “and a half, eight,” “less a 
quarter, four,” etc. A practice sometimes followed is to place distinctive markings on 
the hand lead line at each foot near the critical depths of the vessel with which it is to 
be used. The markings should be placed on the lead line when it is wet, and the ac- 
curacy of the marking should be checked from time to time to detect any changes in the 
length of the line. The distance from the hand of the leadsman to the surface of the 
water under various conditions of loading should be determined so that correct allow- 
ance can be made when the marking nearest the surface cannot be observed. 

The lead itself has a recess in its bottom. If this recess is filled with tallow or other 
suitable substance, a sample of the bottom can sometimes be obtained. This informa- 
tion can prove helpful in establishing the position of the vessel. If tallow is not avail- 
able, some other substance can be used. Soap is suitable if it is replaced from time to 
time. When the recess is filled for obtaining a sample, the lead is said to be armed 
with the substance used. 

618. The sounding machine, developed by William Thomson (Lord Kelvin) as a 
substitute for the deep-sea lead, provides means for obtaining approximate soundings 
to a depth of about 100 fathoms without slowing or stopping the vessel. This is ac- 
complished by attaching a depth-registering device to the lead so that a vertical cast is 
unnecessary. 

Several types of depth-registering device have been developed, all depending upon 
the increase of pressure with depth (art. 3008). The most common form is a slender glass 
tube coated on the inside with a chemical which changes color when contacted by sea 
water, or having a ground surface on the inside so that it appears white when dry and 
clear when wet. The chemical tube requires recoating after each sounding, but the 
ground glass tube can be used over and over again, if it is cleaned thoroughly and 
allowed to dry after each using. "The top of the tube is closed. As the lead sinks, 
water is forced into the tube, compressing the entrapped air. The height to which 
the water rises is an indication of depth. The upper end of a ground glass tube is 
sealed with a cap which can be removed to facilitate cleaning and drying. 

Errors are introduced if the inside diameter of the glass tube is not uniform through- 
out its length, if the chemical has deteriorated, or if salt is not washed out of the ground 
glass tube after use. Errors from these sources may be as much as 20 percent. If the 
indicated depth is too great, a dangerous situation exists. A slight error may be 
introduced by atmospheric pressure, but since the scale is calibrated for a lower-than- 
normal pressure, the usual error is on the side of safety. For usual pressures, readings 
are about three percent too little. If the temperature of the air is different from that 
of the sea, the entrapped air will expand or contract as it is immersed in the water, 
causing an error of about one percent for each 3° change of temperature. If the air 
is cooled, the indicated depth is too great. Error will also be introduced if the cap 
permits leakage of air. 
>a ate Ani lee pea: ee ee used. This consists essentially of a 
See A oan: 0 a piston orced against the tension of a spring as the water 

i pointer remains at the greatest depth reached, requiring re- 

setting before the next sounding is made. 
SVE nnaistba wat g. an echo sounder (art. 619) is not available, a check 
ping the vessel, running out a measured length of sounding wire 
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(at least 50 fathoms if depth permits), and comparing this measured length with the 
indication of the depth-registering device. 

619. Echo sounder.—Most soundings are now made by means of an echo sounder. 
This instrument produces an underwater sound-wave signal, and measures the elapsed 
time until return of an echo from the bottom. It isa form of sonar (art. 1108), although 
this term is usually applied only to similar equipment which directs the sound-wave 
signal horizontally to measure range. An echo sounder operating within the range of 
audible sound (about 20 to 20,000 cycles per second) may be called a sonic depth 
finder. One using sound 
waves of a higher frequency 
may be called an ultrasonic 
depth finder. The trend has 
been toward higher frequen- 
cy, to reduce interference 
from ship noise. ES 

There are many forms of 4. INDICATOR 
echo sounder. In a typical :. 
installation (fig. 619) a light 
tube is mounted vertically 
behind an opaque shield which 
rotates at a predetermined 
speed. A narrow slot in the 
shield permits the light to 
be seen at one place only. 
This slot is under or adjacent 
to a circular scale graduated 
in depth. The sound-wave 
signal is transmitted when 
the slot is at the top or zero 
of the scale. At this instant, 
the light flashes. When an 
echo is received, the light 
again flashes. The gradua- 
tion adjacent to the second 


flash indicates the depth. 
Several different scales may Figure 619.—The indicator of an echo sounder. 


be available for use in various 

depths. The scale is controlled by adjusting the speed of rotation of the opaque shield. 
If the depth is greater than the maximum graduation of the scale in use, an erroneous 
reading may be obtained unless the operator is alert. Thus, if the maximum reading 
is 400 fathoms, and the depth of the water is 600 fathoms, the shield will make a com- 
plete rotation and half of another before the echo returns.. The scale would indicate 
a reading of 200 fathoms. If allowance is made for the number of complete rota- 
tions, accurate soundings can be obtained at a relatively large scale. However, there is 
less possibility of error if the correct scale is used. Doubt as to the correct scale can be 
removed by switching to a smaller scale (greater depth), if one is available. In some 
models the light itself rotates. Some of the newer echo sounders are equipped with a 
recording device that produces a written trace of the bottom, called a bottom profile 
(fig. 4206a). This is accomplished by means of an arm which moves across a graduated 
tape, making one transit for each sounding. When the echo is received, a short line is 
produced on a moving tape graduated in time and depth units. 
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Echo sounders of American manufacture are calibrated for a speed of sound of 
4,800 feet per second. The actual speed varies primarily with the temperature, pres- 
sure, and salinity, as discussed in article 3503, but in the ocean is nearly always faster 
than the speed of calibration. The error thus introduced is on the side of safety unless 
the water is fresh or very cold. Soundings shown on charts of the U. S. Navy Hydro- 
graphic Office are those obtained by an echo sounder without correction, and can 
therefore be compared directly with the readings obtained aboard ship since the varia- 
tion in speed from mean conditions is not great. Only in precise scientific work should 
it be necessary to correct the readings for actual sound speed under prevailing conditions. 
Accurate adjustment can be made only if information is available on conditions at 
various depths. 

Errors are sometimes introduced by false bottoms. If soft mud covers the ocean 
floor, some of the sound-waye energy may penetrate to a harder layer beneath, resulting 
in indication of two bottoms. It is not unusual in deep water to receive a strong return 
at a depth of about 200 fathoms during the day, and somewhat nearer the surface at 
night. This is called the phantom bottom or deep scattering layer. It is believed to be 
due to large numbers of tiny marine animals. Schools of fish return an echo sufficiently 
strong to make the echo sounder a valuable aid to commercial fishermen. 

In modern equipment the sound waves, whether sonic or ultrasonic, are produced 
electrically by means of a transducer, a device for converting electrical energy to sound 
waves, or vice versa. The transducer utilizes either the piezo-electric properties of 
quartz or the magnetostriction properties of nickel and its alloys. 

Early models produced sound signals by striking the ship’s hull with a mechanical 
hammer in the forward part of the vessel. The echo was received by a microphone in 
the after part of the vessel, depth being determined by the angle at which the signal 
returned. 


Direction Measurement 


620. Reference directions.—A horizontal direction is generally expressed as an 
angle between a line extending in some reference direction and a line extending in the 
given direction. The angle is numerically equal to the difference between the two 
directions, called the angular distance from the reference direction. Unless the refer- 
ence direction is stated or otherwise understood, the intended direction is in doubt. 
Thus, to a navigator, direction 135° is southeast. To an astronomer or surveyor, it 
may be northwest. 

A number of reference directions are used in navigation. If a direction is stated in 
three figures, without designation of reference direction, it is generally understood that 
the direction is related to true (geographical) north. When grid navigation (art. 2510) 
is being used, particularly in high latitudes, grid north is generally used as the reference 
direction. The reference direction for magnetic directions is magnetic north, and that 
for compass directions is compass north. For relative bearings it is the heading of the 
ship. For amplitudes, the reference direction is east or west, usually 090° or 270° true, 
but magnetic, compass, or even grid east or west may be used. In maneuvering situa- 
tions, the heading of another vessel might be used as the reference direction. 

The primary function of an instrument used for measuring direction is to determine 
the reference direction. This having been done, other directions can be indicated by a 
compass rose oriented in the reference direction. N orth is established by some form of 
compass. A compass rose is attached to the north-seeking element so that other direc- 
tions can be determined directly. However, if one always keeps in mind that the primary 
function of the instrument is to indicate a reference direction, he should be able to avoid 
some of the mistakes commonly made in the application of compass errors. 
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621. Desirable characteristics of a navigational compass.—To adequately serve 
its purpose, a navigational compass needs to have certain characteristics to permit it 
to meet requirements of accuracy, reliability, and convenience. 

The most important characteristic is accuracy. No other quality, however im- 
portant or to whatever extent it may be possessed, compensates for the lack of accuracy. 
This does not mean that the compass need be without error, but that such errors as it 
may possess can be readily determined. Provision should be made for removing 
deviation or reducing it to a minimum (ch. VII). If accurate horizontal directions 
are to be determined, the compass needs to be provided with some type of compass 
rose maintained in a horizontal position (art. 2903). Adequate sighting equipment is 
needed if bearings are to be observed, and an index is needed to mark the forward 
direction parallel to the keel if heading is to be measured. Accurate readings cannot 
be expected from a compass that hunts (oscillates) excessively. A characteristic closely 
related to accuracy is precision (art. 03). The amount of precision required varies 
somewhat with the use and depends as much upon the steadiness of the compass and 
its design as upon its inherent qualities. 

A compass is reliable when its operation is not often interrupted; when its indica- 
tions are relatively free from unknown or unsuspected disturbances; when it is little 
affected by extremes of temperature, moisture, vibration, or the shock of gunfire; and 
when it is not so sensitive that large errors are introduced by ordinary changes in condi- 
tions or equipment near the compass. 

The value of a compass is dependent somewhat upon the convenience with which 
it can be used. Accuracy, too, may be involved. Thus, a compass should not be 
installed in such a position that one must be in an unnatural or uncomfortable position 
to use it. A compass intended for use in obtaining bearings is of reduced value if it 
is installed at a location that does not permit an unobstructed view in most directions. 
The compass graduations and index should be clean, adequately lighted if the instru- 
ment is to be used at night, and clearly marked. 

622. Kinds of compasses.—The compasses commonly used by the mariner are 
(1) magnetic and (2) gyroscopic. The magnetic compass tends to align itself with the 
magnetic lines of force of the earth, while the gyro compass seeks the true (geographic) 
meridian. The word ‘‘compass’’ is also applied to instruments which do not contin- 
uously indicate some form of north. Thus, an aircraft directional gyro (art. 2803) 
tends to remain approximately aligned with any great circle to which it is set. An 
astro compass, sun compass, or sky compass (art. 2515) is used to determine the head- 
ing or other reference directly at any given moment, by means of celestial bodies. 

A compass may be designated to indicate its principal use, as a standard, steering, 
or boat compass. The compass designated as standard is usually a magnetic compass 
installed in an exposed position having an unobstructed view in most directions, per- 
mitting accurate determination of error. Preferably, it is located at a magnetically 
favorable position near the bridge. Before the development of a reliable gyro com- 
pass, the standard compass was used for navigation of the vessel and for determining 
the error of the steering compass. : 

Although the modern, reliable gyro compass has largely superseded the magnetic 
compass for most purposes, directional information is so important to a vessel that the 
availability of a second method is considered justified. It is wise to understand both 
types, keep a record of errors and the performance of all compasses, and to compare 
the indications of magnetic and gyro compasses at frequent intervals, as every half 
hour when underway. ; . 

623. Magnetic compasses.—If a small magnet is pivoted at its center of gravity 
in such manner that it is free to turn and dip, it will tend to align itself with the magnetic 
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field of the earth (art. 706). It thus provides a directional reference and becomes a 
simple compass. However, such a compass would not be adequate for use aboard 
ship. For this purpose a compass should have a stronger directive element than that 
provided by a single, pivoted magnet, should have provision for measuring various 
directions, should have some means of damping the oscillations of the directive element, 
should be approximately horizontal, and should have some means of neutralizing local 
magnetic influences. 

In a mariner’s compass, several magnets are mounted parallel to each other. To 
them is attached a compass card having a compass rose to indicate various directions 
(art. 624). Both magnets and compass card are enclosed in a bowl having a glass top 
through which the card can be seen. The bowl is weighted at the bottom and is sus- 
pended in gimbals in such manner that it remains nearly horizontal as the vessel rolls 
and pitches. In nearly all modern compasses the bowl is filled with a liquid that 
supplies a buoyant force almost equal to the force of gravity acting upon the directive 
element and card. This reduces the friction on the pivot (a metal point in a jeweled 
bearing), and provides a means of damping the oscillations of the compass card. The 
card is mounted in such manner as to remain in an essentially horizontal position. 
A mark called a lubber’s line is placed on the inner surface of the bowl, adjacent to 
the compass card, to indicate the forward direction parallel to the keel when the bowl 
is correctly installed. The gimbals used for mounting the compass bowl are attached 
to a stand called a binnacle, which in most installations is permanently and rigidly 
attached to the deck of the vessel, usually on its longitudinal center line. Most bin- 
nacles provide means for neutralization of local magnetic influences due to magnetism 
within the vessel. A cover or “hood” is provided to protect the compass from the 
elements, dust, etc. 

Directional information is of such importance that selection and installation of a 
suitable compass should be made carefully, seeking such guidance as may be needed. 
In the U. S. Navy this is covered by Bureau of Ships’ directives. For merchant 
vessels and yachts, one would do well to consult a dependable compass adjustor before 
selecting and installing a compass or making any alteration in the vicinity of the 
compass. Common errors are the use of a compass designed for a different type craft 
(as an aircraft compass in a boat), permitting chrome plating of a binnacle by someone 
who does not know how to do this without creating a magnetic field, authorizing elec- 
tric welding of steel near the compass, improper installation of magnetic equipment 
or electric appliances near the compass, allowing short circuits to occur in the vicinity 
of the compass, etc. 

After the compass has been selected and installed, proper adjustment and com- 

pensation (ch. VII) are important, and future care of the instrument should not be 
neglected. It should be checked and overhauled at regular intervals, and any indica- 
tion of malfunctioning or deterioration, however slight, should not be overlooked. 
Discoloration of the liquid or the presence of a bubble, for instance, indicates a condition 
that should be investigated and corrected at once. If it becomes necessary to add 
liquid, one should be certain that he has the correct substance, and should attempt to 
determine the source of the leak. Except as a temporary expedient, this is best done 
by a professional. Some compasses should be protected from prolonged exposure to 
sunlight, to prevent discoloration of the card and liquid. 
___ If a vessel is to be inactive for a long period of time—at least several months— 
1t 1s good practice to remove the magnetic compass from its binnacle and store it ina 
place relatively free from magnetic influences, and of approximately even temperature. 
Unless Instructions indicate otherwise, the compass should be stored upside down, to 
remove the weight from the pivot, and prevent the card from swinging. 
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624. The compass card is composed of light, nonmagnetic material. In nearly 
all modern compasses the card is graduated in 360°, increasing clockwise from north 
through east, south, and west. An older system still used somewhat is to graduate 
the card through 90° in each quadrant, increasing from both north and south. Some 
compass cards are graduated in “points,” usually in addition to the degree gradua- 
tions. There are 32 points of the compass, 114° apart. The four cardinal points 
are north, east, south, and west. Midway between these are four intercardinal points 
at northeast, southeast, southwest, and northwest. These eight points are the only 
ones appearing on the cards of compasses used by the U.S. Navy. The eight points 
between cardinal and intercardinal points are named for the two directions between 
which they lie, the cardinal name being given first, as north northeast, east northeast, 
east southeast, etc. The remaining 16 points are named for the nearest cardinal or 
intercardinal point “by”’ the next cardinal point in the direction of measurement, as 
north by east, northeast by north, etc. Smaller graduations are provided by dividing 
each point into four “quarter points,’ thus producing 128 graduations altogether. 
There are several systems of naming the quarter points. That used in the U.S. Navy 
when quarter points were used is given in table 2. 

The naming of the various graduations of the compass card in order is called 
boxing the compass, an important attainment by the student mariner of earlier gener- 
ations. The point system of indicating relative bearings (art. 904) survived long 
after degrees became almost universally used for compass and true directions. Except 
for the cardinal and intercardinal points, and occasionally the two-point graduations, 
all of which are used to indicate directions generally (as “northwest winds,’’ meaning 
winds from a general northwesterly direction), the point system has become largely 
historical. 

625. The U.S. Navy 74-inch compass has a liquid-filled bowl in which a 74-inch 
aluminum card is pivoted. There is provision for either one or two pairs of magnets, 
symmetrically placed. The card and magnet assembly is provided with a central 
float or air chamber to reduce the weight on the pivot to between 60 and 90 grains 
(0.14 and 0.21 oz.) at 60° F when the correct compass fluid is used. Older compasses 
use a fluid consisting of 45 percent ethyl alcohol and 55 percent distilled water. Newer 
compasses use a highly refined petroleum distillate similar to varsol. Use of this oil 
increases the stability and efficiency of the compass. A hollow cone extends into the 
underside of the float. The bottom of this cone is open. The pointed top has a jewel 
bearing of synthetic sapphire. The card-float-magnet assembly rests on an osmium- 
iridium tipped pivot at the jewel center. This pivot extends upward from the bottom 
of the bowl. This compass is illustrated in figure 625. 

The compass bowl is made of cast bronze, and has a tightly gasketed glass top 
cover to prevent leakage of the liquid. A bellows-type expansion chamber is pro- 
vided to allow for changes in volume of the liquid as the temperature changes. The 
top rim or bezel of the bowl is accurately machined so that an azimuth or bearing 
circle can be placed over it. The compass is equipped with a gimbal ring for keeping 
the compass level when mounted in a pinnacle. In addition to providing support for 
the compass, the binnacle has provision for housing the correctors used to neutralize 
local magnetic effects within the vessel. 

626. The U. S. Navy six-inch compass is a newly developed instrument which 
differs in a number of respects from older magnetic compasses. It is lighter in weight, 
requires less space, and is expected to prove more reliable with less maintenance than 
the 74-inch compass. The six-inch diameter card is of magnesium foil, strengthened 
by concentric and radial ribs. This card and the small, powerful Alnico V magnets 
are sufficiently light in weight that a float is unnecessary. An osmium-tipped pivot 
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attached to the underside of the card, at its center, rests on a concave synthetic sap- 
phire jewel in the top of a spindle attached to the bottom of the compass bowl. Expan- 
sion of the liquid, an oil similar to varsol, is taken care of by a bubble-trap type expansion 
chamber. This chamber is in the form of a cylinder surrounding the card area and con- 
nected to it by a single, small opening at the bottom. The top half, approximately, of the 
expansion chamber is filled with air which is compressed as the liquid expands. As 
the liquid contracts, the trapped air pushes more of it into the card area. This ar- 
rangement eliminates the need for the troublesome bellows of older compasses. The 
light for illuminating the compass card and lubber’s line is housed at the bottom of the 
compass. Its intensity can be adjusted by a rheostat at the base of the binnacle. 
Both the binnacle and pedestal upon which it stands are of cast aluminum. The 
binnacle has provision for neutralizing the effects of the magnetism within the vessel, 


Figure 625.—U. S. Navy 7-inch compass. 


and the pedestal houses electrical coils and resistor panels for reducing or eliminating 
the magnetic effects introduced by degaussing (ch. VII). The soft iron correctors (ch. 
VII), both quadrantal and Flinders bar, are thin-walled tubes supported in aluminum 
spacers with heavier aluminum housings bracketed to the outer wall of the binnacle 
The quadrantal correctors can be slewed to reduce E error (ch. VII). Provision is 
made for mounting the Flinders bar on either the forward or after side of the compass. 

627. Other magnetic compasses.—In addition to the 7%-inch and 6-inch com- 
passes, the U. S. Navy has a five-inch alcohol-and-water filled compass, and two three- 
inch varsol-filled compasses. One of the three-inch compasses is top-reading like the 
larger compasses, and the other has the graduations on the side of the beveled outer 
eee of the card, so that the reading can be made through a window on the after side 
ae ki ene ae iu a manner similar to the reading of an aircraft compass mounted 

A wide variety of magnetic compasses are used in merchant ships and yachts 
The basic principles of operation of all magnetic compasses are the same, the pemicns 
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types differing only in details of 
construction. A feature which 
is widely used in commercial 
compasses is a hemispherical top 
(fig. 627) which provides magni- 
fication of the graduations. 

An older type which is now 
rarely encountered is the dry 
compass, so called because it 
does not have a _ liquid-filled 
bowl. A typical dry compass 
has a card of strong paper, with 

the central part cut away and 
the outer edge stiffened by 
a thin aluminum ring. The 
weight of the paper card is sus- 
tained by 32 radial silk threads. 
Eight small, magnetized steel 
needles are suspended by silk 
threads from the aluminum ring. 

628. Magnetic compass 
limitations.—Because of its es- 
sential simplicity, a magnetic 
compass does not easily become 
totally inoperative. Being in- 
dependent of any power supply or other service, a magnetic compass may survive 
major damage to its ship without losing its utility. Small boat compasses often 
remain serviceable under the most rigorous conditions. 

Despite its great reliability, however, a magnetic compass is subject to some 
limitations. Since it responds to any magnetic field, it is affected by any change in 
the local magnetic situation. Hence, the undetected presence or change of position 
of magnetic material near the compass may introduce an unknown error. Thus, an 
error might be introduced by a steel wrench or paint can left near the compass, or by 
a change in position of a steel boom or gun in the vicinity of the compass. Even such 
small amounts of magnetic material as might be included in a pocketknife or steel keys 
are sufficient to affect the compass if brought as close as they are when on the person 
of an individual standing by a compass. Nylon clothing may also introduce error in 
a magnetic compass. As distance from the compass increases, the strength of the 
magnetic field needed to introduce an error increases. A cargo of large amounts of iron 
or steel may be sufficient to affect the compass. The compass may also be affected by 
changes of the magnetic characteristics of the vessel itself. Such changes may occur 
during a protracted docking period, during a long sea voyage on substantially the 
same course, when repairs or changes of equipment are made, if the ship sustains 
heavy shock as by gunfire or riding out a heavy sea, if the vessel is struck by lightning, 
or if a short circuit occurs near the compass. 

The directive force acting upon a magnetic compass is the horizontal component 
of the earth’s magnetic field. This component is strongest at or near the magnetic 
equator, decreasing to zero at the magnetic poles (ch. VII). Near the magnetic poles, 
therefore, the magnetic compass is useless (art. 2513), and in a wider area its indications 
are of questionable reliability. The magnetic field of the earth has a number of local 
anomalies due to the presence of magnetic material within the earth. During magnetic 


Courtesy of Wilfrid O. White and Sons, Inc. 
Figure 627.—A compass with a hemispherical top. 
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storms (art. 2526) it may be altered considerably. Changes in the magnetic field 
surrounding a vessel, due either to changes of the field itself or to change of position of 
the vessel within the field, affect the magnetism of the vessel and the correctors used 
to neutralize this effect, with a possible disturbance of the balance set up between them. 

For these and other reasons, frequent determination of compass error is necessary 
for safe navigation. Methods of determining and correcting compass error are discussed 
in chapter VII. , ae oer 

629. Magnetic compass accessories.—Compass heading is indicated by the 
lubber’s line. Compass bearings may be measured by sighting across the compass, 
bringing the object and the vertical axis of the compass in line. Accuracy in making 
this alignment is increased by the use of a device to direct the line of sight across the 
center of the compass. Perhaps the simplest device of this kind is a bearing bar, con- 
sisting of two vertical sighting vanes mounted at opposite ends of a horizontal bar 
having a small pivot which fits into a hole drilled part way through the glass cover of 
the compass, at its center. The ‘near’’ vane (nearer the eye of the observer) has a 
very thin, open, vertical slot through which the line of sight is directed; the “far” 
vane has a thin, vertical wire or thread mounted on a suitable frame. The bar is rotated 
until the object is in line with the two vanes. The bearing is the reading of the compass 
in line with the vanes, on the far side from the observer. If a reflecting surface is pivoted 
to the far vane to permit observation of the azimuth (art. 1428) of a celestial body, 
the device is called an azimuth instrument. Bearing bars and azimuth instruments 
are usually used only with smaller compasses, and never with an after-reading com- 
pass (art. 627). 

Larger compasses or repeaters (art. 641) are usually provided with a bearing circle 
or azimuth circle (fig. 629). These devices take a variety of forms, but consist essen- 
tially of two parts: (1) a pair of sighting vanes attached to a ring which fits snugly 
over the compass, and (2) a mirror to reflect the compass graduation into the line of 
sight. The use of these devices is similar to that of the bearing bar and azimuth 
instrument. The azimuth circle has a pivoted reflecting surface attached to the far 
vane, to permit observation of celestial bodies. In most cases it also has a reflecting 
mirror and prism mounted on opposite sides of the ring, midway between the vanes. 
The prism is covered with opaque material except for a thin, vertical slot at its center. 
The surface of the mirror is curved so that reflection of sunlight falling upon it is in 
the form of a slender vertical line (at the distance of the prism) of about the same 
width as the slot. When the azimuth circle is adjusted so that this line of light falls 
upon the slot, a thin, bright line appears on the compass card graduations at the bearing 
of the sun. Most bearing and azimuth circles are provided with reverse compass ros2 
graduations to permit reading of relative bearings or azimuths (by the vanes) at a 
mark on top of the compass bowl, in line with the lubber’s line; bubbles for indicating 
the level position during observation; means for adjusting the snugness of the fit over 
the compass bowl; and handles for turning the device. 

If a bearing or azimuth circle does not fit snugly over the compass bowl, an error 
might be introduced. Inaccuracy may also result from tilting cf the reflecting surface 
of an azimuth circle with respect to the vertical plane through the line of sight. This 
can be checked by comparing an azimuth of the sun observed by means of the prism 
with one observed with the sighting vanes (with suitable protection being provided for 
the eyes). If the prism attachment is not available, a check can be made by comparing 
observed (compass) azimuths at different altitudes with computed (true) values at the 
time of observation. If both observed and computed azimuths are correct, the difference 


between them will be constant (if the compass error remains constant throughout the 
observation). 
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Figure 629.—An azimuth circle. 


None of the bearing or azimuth instruments described above can be used with a 
compass not designed for it, as one having a hemispherical top, or an after-reading 
compass. 

Some modern magnetic compasses are provided with electrical pick-offs of sufficient 
sensitivity that the instrument can be used to control such devices as remote indicators, 
automatic steering equipment, course recorders, and dead reckoning equipment without 
disturbing the reliability of the compass. However, these devices are more commonly 
controlled by a gyro compass and hence are considered later in the chapter, after a 
discussion of this type compass. 

630. The gyroscope.—Leon Foucault, a French physicist, first demonstrated the 
rotation of the earth by means of a pendulum. However, the pendulum was not 
entirely acceptable as proof of rotation because it required the earth’s gravity for 
operation. In 1852, he gave the name gyroscope to a toy top which had been known 
for a quarter of a century as a “rotascope.” By means of the gyroscope, Foucault 
illustrated the earth’s rotation without the use of gravity. 

A conventional gyroscope consists of a comparatively massive, wheel-like rotor 
balanced in gimbals which permit rotation in any direction about three mutually 
perpendicular axes through the center of gravity. The three axes are called the spin 
axis, the torque axis, and the precession axis, as shown in figure 630. 

Since the rapidly spinning rotor is balanced at its center of gravity, it is in a state 
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of neutral rotational equilibrium. If the gimbal bearings were completely frictionless, 
the spin axis would retain its direction in space despite any motion applied to the 
system as a whole, as by the rotation of the earth. This property is called gyroscopic 
inertia. Thus, if the spin axis were directed toward a star, the axis would continue to 
point toward the star during its apparent motion across the sky. To an observer on 
the earth, the spin axis would appear to change direction as the earth rotated eastward. 
If the spin axis were placed parallel to the earth’s axis, the earth’s rotation would have 
no effect and the device would become a kind of compass, since the spin axis would be 
in the plane of a meridian. However, such a device would require frictionless bearings 
and perfect balance. Even if these obstacles could be overcome, the device would not 
be suitable as a compass because it would not be north-seeking. th 

The method by which a gyroscope is made to seek north involves the surprising 
behavior exhibited by any rotating mass, when a force is applied which tends to change 
the direction in space of the spin 
axis. The motion resulting from 
such a force is not in line with 
the force, as might be expected, 
but perpendicular to it. This 
property is called gyroscopic 
precession. 

Refer to figure 630 and sup- 
pose that the torque and spin 
axes are horizontal, that the spin 
axis is directed north and south, 
and that the rotation about the 
spin axis is clockwise, looking 
north. If a force is applied to 
the rotor at A tending to raise 
the south end of the spin axis, 
the south end, if free to move, 
will turn or “‘precess’”’ to the 
east, as shown. The direction 
of precession is such that it ap- 
pears as though a force applied 
Figure 630.—Axes of a Syroscope, and the direction of songs rotgn as iia oa oP 

precession. plied at a point 90° away in 

the direction of spin from point A. 

Precession tends to move the plane and direction of rotation of the gyroscope into align- 

ment with the force applied to the rotor. If precession is prevented, as by restrain- 

ing motion of the spin axis, this axis will rotate in the direction of the applied force, 

as if the rotor were not spinning. Thus, in figure 630, a force applied to the rotor at 

A causes the south end of the spin axis to rise. The reason for this is that if precession 

is blocked, the force thus introduced causes precession in the direction of the original 

force. This effect is used to stabilize some types of gyro compasses and avoid cumula- 
tive errors due to rolling while the vessel is on intercardinal headings. 

A recently developed gyroscope called a Gyrotron vibratory gyro uses a vibrating 
mass instead of a rotating one. It is based upon the same principle used in the halteres 
of certain two-winged insects, such as the common housefly, to give them the sensing 
needed to achieve stability in flight. Instead of a single vibrating reed, the vibratory 
ByTO uses a two-pronged device similar to a tuning fork. The vibratory gyro has no 
bearings, and so is free from the errors introduced by bearing friction. It is a rugged 
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device having long life and requiring little attention. Its most promising application is 
for measurement of rate of turn, which it performs more accurately than a rotating 
gyro, and over a wide range from a rate of as little as one or two degrees per hour to 100 
revolutions or more per minute. The Gyrotron vibratory gyro has a number of 
possible applications to navigation. 

631. The gyro compass.—A gyro compass is essentially one or more north-seeking 
gyroscopes with a suitable compass rose, housing, etc. 
One method of utilizing precession to cause a gyroscope to seek north is illustrated 
in figure 631a. Two reservoirs connected by a tube are attached to the bottom of the 
case enclosing the gyro rotor, with one reservoir north of the rotor and the other south 
of it. The reservoirs are filled with mercury to such a level that the weight below the 
spin axis is equal to the weight above it, so that the gyroscope is nonpendulus. The 
system of reservoirs and connecting tubes is called a mercury ballistic. In practice, 
there are usually four symmetrically placed reservoirs. 


SOUTH 
RESERVOIR NORTH 
—. RESERVOI R 


—— ee 


Figure 63la.—The mercury ballistic (left) ee the elliptical path (right) of the axis of spin without 
amping. 


Suppose that the spin axis is horizontal but is directed to the eastward of north. 
As the earth rotates eastward on its axis, the spin axis tends to maintain its direction in 
space; that is, it appears to follow a point, such as a star rising in the northeastern sky. 
With respect to the earth, the north reservoir rises and some of the mercury flows under 
the force of gravity into the south reservoir. The south side becomes heavier than the 
north side, and a force is applied to the bottom of the rotor case at point A. If the gyro 
rotor is spinning in the direction shown, the north end of the spin axis precesses slowly 
to the westward, following an elliptical path. When it reaches the meridian, upward 
tilt reaches a maximum. Precession continues, so that the axis is carried past the 
meridian and commences to sink as the earth continues to rotate. When the sinking 
has continued to the point where the axis is horizontal again, the excess mercury has 
returned to the north reservoir and precession stops. As sinking continues, due to 
continued rotation of the earth, an excess of mercury accumulates in the north reservoir, 
thus reversing the direction of precession and causing the spin axis to return slowly to 
its original position with respect to the earth, following the path shown at the right of 
figure 631a. One circuit of the ellipse requires about 84 minutes. 
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Figure 631b.—Spiral path of the axis of spin with damping. 


The elliptical path is sym- 
metrical with respect to the 
meridian, and, neglecting fric- 
tion, would be retraced indefi- 
nitely, unless some method of 
damping the oscillation were 
found. One method is by off- 
setting the point of application 
of the force from the mercury 
ballistic. Thus, if the force is 
applied not in the vertical plane, 
but at a point to the eastward 
of it, as at B in figure 631a, the 
resulting precession causes the 
spin axis to trace a spiral path 
as shown in figure 631b, and 


eventually to settle near the meridian. The gyroscope is now north-seeking and can 
be used as a compass. Some compasses are provided with means for automatically 
moving the point of application to the center line during a large change of course or 


speed, to avoid introduction of a temporary error. 


wi 


Courtesy of the Sperry Gyroscope Co. 


Figure 631¢.—The Mark 14 Mod 2 gyro compass. 
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Another method of damping the oscillations caused by the rotation of the earth is 
to reduce the precessing force of a pendulous gyro as the spin axis approaches the 
meridian. One way of accomplishing this is to cause oil to flow from one damping tank 
to another in such a manner as to counteract some of the tendency of an offset pendulous 
weight to cause precession. Oscillations are completely damped out in approximately 
one and one-half swings. 

Details of construction differ considerably in the various compasses. Each in- 
strument is provided with a manual giving such information and operating instructions. 
Figure 631c illustrates the Mark 14, Mod 2 gyro compass, a type that is widely used 
in the U. S. Navy and the merchant marine. The Mark 23 Mod 0 gyro compass, 
illustrated in figure 631d, is a much smaller compass recently developed in accordance 
with U. S. Navy specifications 
to provide an instrument that 
can be used in vessels of many 
types. 

632. Desirable character- 
istics of the gyro compass. 
Since a gyro compass is not 
affected by a magnetic field, 
it is not subject to magnetic 
compass errors (ch. VII), nor 
is it useless near the earth’s 
magnetic poles. If an error is 
present, it is the same on all 
headings, and no table of cor- 
rections is needed. The direc- 
tive force is sufficiently strong to 
permit directional pick-off for 
use in remote-indicating repeat- 
ers, automatic steering, dead 
reckoning and fire-control equip- 
ment, course recorders, etc. 

633. Undesirable charac- 
teristics of the gyro compass.— 
A gyro compass is dependent 
upon a source of suitable electric Courtesy of the Sperry Gyroscope Co. 
power. Figure 631d—The Mark 23 Mod 0 gyro compass. 

If operation of the compass 
is interrupted long enough to permit uncertainty in its indications, a considerable 
period (as much as four hours for some gyro compasses) may be needed for it to settle 
on the meridian after it reaches operating speed. This period can be reduced by 
orienting the compass in the proper direction before it is started. If this is not 
practicable, the settling period can be hastened by leveling the compass when it 
reaches the meridian (one-fourth of a cycle or 21 minutes after starting at maximum 
deflection) or by leveling and precessing the gyro to the approximate meridian after 
its direction and rate of precession are observed for several minutes. Either process 
may need to be repeated several times and followed by a settling period. 

The gyro compass is subject to certain errors requiring applications of corrections, 
either manually or automatically (art. 634). 

The compass is an intricate mechanism of many parts. Thus, it requires some 
maintenance. In heavy seas a gyro compass may become unreliable unless certain 
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features are included in the design—features which are generally omitted from the 
smaller, simpler compasses. ‘ ’ 

The directive force of a gyro compass decreases with latitude, being maximum 
at the equator and zero at the geographical poles. The compass remains usable at all 
latitudes thus far attained by surface vessels, except those which have become beset 
and drifted with the ice across the Arctic Ocean. The use of the gyro compass in high 
latitudes is discussed in articles 640 and 2514. on 

A gyro compass has generally been considered unsuitable for use in aircraft because 
of its weight and the question of whether it will operate at the high speeds (approaching 
or exceeding that of rotation of the earth) and accelerations to, which it would be sub- 
jected in aircraft. A gyro compasss weighing only nine pounds has been developed 
for use in small craft. A light compass designed for use in aircraft is being developed 
and evaluated. 

634. Gyro compass errors.—Gyro compasses are subject to several systematic 
errors (art. 2903). Some of these can be eliminated or offset in the design of the compass, 
while others require manual adjustment for their correction. 

The total combined error (the resultant error) at any time is called gyro error (GE), 
which is expressed in degrees east or west to indicate the direction in which the axis 
of the compass is offset from true north. If the gyro error is east, the readings are too 
low; and if it is west, they are too high. Thus, if GE is 1° W, 1° is subtracted from all 
readings of the compass, either headings or bearings, to determine the equivalent true 
directions. One degree is added to all true directions to determine the equivalent gyro 
directions. The gyro error of modern compasses is generally so small that it can be 
ignored for practical navigation. However, significant errors can be introduced in 
several ways, and it is good practice to compare the gyro heading with the magnetic 
heading at frequent intervals (as every half hour and after each change of course) 
and to check the accuracy of the gyro compass by celestial observation or landmarks 
from time to time (as every morning and afternoon when means are available). 

The errors generally associated with the gyro compass are speed error, damping 
error, ballistic deflection error, quadrantal error, and gimballing error. In addition, 
gyro compasses are subject to the errors common to directional instruments, such as 
those introduced by inaccurate graduation of the compass rose or incorrectly located 
lubber’s line. Error may also be introduced, of course, by malfunctioning of the 
compass. 

635. Speed error is introduced by motion of the vessel along its track. Refer to 
figure 635a. If a vessel is at anchor at any point A, it is being carried eastward by 
rotation of the earth at the rate of 902.46 minutes of longitude per hour (with respect 
to the stars). In terms of knots, this is equal to 902.46 times the cosine of the latitude, 
approximately. Because of the ellipticity of the earth, the actual value is a little more 
than this in low latitudes, and a little less in high latitudes. The actual value at any 
latitude can be found by multiplying the length of a degree of longitude at that latitude 
(from table 6) by oF 48 15.041. 

This eastward motion due to rotation of the earth is shown in figure 635a by the 
vector AB. The north-south axis of the gyro compass settles in a direction 90° from 
the direction of motion. Therefore, if the vessel is stationary with respect to the earth, 
0° on the compass card coincides with a true meridian, and no error is introduced. This 
is also true if the vessel is moving due east or due west. In this case the speed of the ship 
over the surface of the earth is added to or subtracted from the motion due to rotation of 
the earth, but the direction of motion is unchanged (unless the speed of the vessel is 
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greater than the rotational 
speed of the earth, and in the 
opposite direction). The only 
effect, therefore, is to strengthen 
or weaken the directive force, 
usually by a small amount. 

If the vessel is on course 
north or south, as shown by 
the vector AC in figure 635a, 
the motion in space is tilted 
toward the north or south of 
due east. In this case, itis the 
vector sum (art. 018) of the mo- 
tion due to rotation of the earth 
and the velocity of the vessel 
over the surface of the earth, or 
AD in figure 635a. Since AD 
is not due east, the perpendicu- 
lar to it does not lie in the true 
meridian, but at some angle 6 to 
it, along AM,. Since the axis 
of the gyro lies along AM,, the 
“virtual meridian,” the angle 
is the error introduced by the Figure 635a.—Speed error. 
motion of the vessel along its 
track. Since AD is perpendicular to AM,, and AB is perpendicular to AC, angle BAD 
is equal to angle 5. Therefore, the angle 6 can be found by the formula 


£4 C 
tan ate 
Since AC is the speed of the vessel and AB is 902.46 cos L, approximately, the formula 
can be written S 
tan 6999.46 cos L 


where S is the speed and L the latitude of the vessel. 

If the course of the vessel is not a cardinal direction, the resultant is still the 
vector sum of the two speed vectors, and can be found graphically or by computation. 
One method is to resolve the vessel’s speed vector into two components, as shown in 
figure 635b, obtaining the N-S component along the true meridian, and the E-W 
component in the direction of rotation of the earth. 
The N-S component is equal to S cos C, and the 
E-W component to S sin C, where C is the true 
course angle. The total N-S motion is then 5 cos C. 
The total easterly motion is that due to rota- 
tion of the earth plus or minus the E-W com- 
ponent of the ship’s speed across the surface 
of the earth, or 902.46 cos L+S sin C, approx- 
E-W COMPONENT imately. The term S sin C is positive (+) for 
easterly courses and negative (—) for westerly 
The formula for finding 6 now becomes 


N-S COMPONENT 


Figure 635b.—Components of 
vessel’s motion. courses. 
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S cos C , 1 
tan 6909.46 cos LS sin C ePPrommately). 


At ship speeds in latitudes less than 70°, the term S sin C is much smaller than 
902.46 cos L and has so little effect upon the answer that it can be ignored. The 
angle 6 is small enough that its tangent can be considered the angle itself (expressed 
in radians). That is, a tangent to a circle can be considered of the same length as an 
arc of the circle over a short distance from the point of tangency. Therefore, the 
formula for 6 can be written 


p03 S cos C 
~ 902.46 cos L 


or 
6=0.0635 S cos C sec L. 


As shown in this formula, the speed error 6 is affected by the three variables, 
speed, course, and latitude. If the course has a northerly component, the error is 
westerly; and if it has a southerly component, the error is easterly. 

Ezxample—A ship at latitude 30°N is steaming on true course 045°, at a speed 
of 20 knots. 

Required.—Speed error. 


Solution.— 
0.0635 log 8. 80277 
S 20 kn. log 1.30103 
CN45°E Leos 9.84949 
L 30°N l sec 10. 06247 
5 1°04 W log 10. 01576 


Answer.— 6 1°04 W. 


In most gyro compasses this error is corrected mechanically. Speed and latitude 
are set in by hand, and the cosine of the course is introduced automatically by means 
of a “cosine cam” running in an eccentric groove on the underside of the azimuth gear. 
In some compasses these corrections combine to offset the lubber’s line by the correct 
amount. Small changes in speed or latitude have relatively little effect upon the 
result. Therefore, in normal operations, infrequent changes are sufficient for satis- 
factory results. If no provision is made for mechanically applying this correction, a 
table or curves can be used to indicate the correction to be applied mathematically 
to readings of the compass. These are made up from the formula given above, and 
are entered with the speed, course, and latitude (art. 640). 

636. Damping error applies only to those gyro compasses in which damping is 
accomplished by offsetting the point of application of the force from a mercury bal- 
listic (art. 631). For this reason it is sometimes called ballistic damping error. It 
can be found from the equation 


a=r tan L 


in which a is the damping error, r is the angle between the vertical through the spin 
axis of the gyro rotor and a line through this axis and the point of application of the 
force from the mercury ballistic (1°7 for Sperry compasses), and L is the latitude. 
The error is easterly in north latitude and westerly in south latitude. 


Example.—A Syro compass having a value of r of 1°7 is at latitude 50°N. 
Required.—The damping error. 
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Solution.— 
a=r tan L 


=1°7X1.1918 


=2°03 E 
Answer.—a=2°03 E. 


As in the case of speed error, provision is made in most compasses (to which it 
applies) for correcting this error. An auxiliary latitude-correction scale is provided 
for this purpose. In some compasses this offsets the lubber’s line. In others, it 
alters the position of a small weight attached to the casing near one end of the axle. 
The first method is preferable because it is unaffected by changes of gyro speed of 
rotation. 

If this error is not corrected mechanically, it can be combined algebraically with 
speed error and a single set of tables or graphs made up. ‘This is a method sometimes 
used in polar regions, beyond the scale of the latitude corrections (arts. 640, 2514). 

637. Ballistic deflection error—When the north-south component of the 
speed changes, an accelerating force acts upon the compass, causing a surge of 
mercury from one part of the system to another, or a deflection (along the meridian) 
of the mass of a pendulous compass. In either case, this is called ballistic deflection. 
It results in a precessing force which introduces a temporary ballistic deflection 
error in the readings of the compass unless it is corrected. 

A change of course or speed also results in a change in the speed error, and unless 
the correcting mechanism responds promptly to this change, a temporary error from 
this source is also introduced. The sign of this error is opposite that of the ballistic 
deflection, and so the two tend to cancel each other. If they are of equal magnitude 
and equal duration, the cancellation is complete and the compass responds immedi- 
ately and automatically to changes of speed error. This can be accomplished by de- 
signing the compass so that 


7= 0.0211 sec L 


in which B is the pendulous moment of a pendulous compass and the couple per unit 
angle applied by a mercury ballistic, H is the angular momentum of the gyro rotor, 
and L is the latitude. 


BB 
It is customary to design a gyro compass so that the ratio H's correct for some 


particular latitude (as 41° or 45°) and accept the small residual error that is tem- 
porarily present at other latitudes. This is satisfactory for vessels which remain within 
relatively narrow limits of latitude, or which are seldom subjected to large accelerating 
forces. However, where these conditions are not met, provision is made for varying 
the ratio with latitude. In a compass having a mercury ballistic, this is customarily 
accomplished by moving the mercury reservoirs radially toward or away from the center 
of the compass, thus altering the value of B. In a pendulous gyro, the value of H 
is changed by altering the rotational speed of the gyro. 


When the ratio a is as given in the equation above, the period of oscillation about 


the vertical axis is given by the equation 


150 INSTRUMENTS FOR PILOTING AND DEAD RECKONING 


in which T is the period in minutes, R is the radius of the earth in feet (approximately 
20,900,000) and g is the acceleration due to gravity (approximately 32.2 feet per second 
per second). Substituting in the formula, 


20,900,000 


= 84 minutes (approximately). 


This is sometimes stated as the period of a pendulum having a radius equal to 
the radius of the earth, since the equation for a short pendulum is the same as that 
given above with / (length) being substituted for R. More accurately, it is the period 
of a pendulum of infinite length with its bottom at the surface of the earth, or the 
largest period that a simple pendulum can have when acting under the gravitational 
force of the earth. When a device is adjusted so as to have this period it is said to be 
“Schuler tuned,” after Ivan Schuler, a German scientist who discovered the relation: 
ship. It is because of this tuning of the gyro compass that one oscillation occurs in 
about 84 minutes, and that the maximum effect of certain disturbing forces occurs 
about 21 minutes (one-fourth cycle) after application of the force. 

638. Quadrantal error.—If a body mounted in gimbals is not suitably balanced, a 
disturbing force causes it to swing from side to side. A swinging body tends to rotate 
so that its long axis of weight is in the plane of the swing. The rolling of a vessel intro- 
duces the force needed to start a gyro compass swinging. The effect reaches a maximum 
on intercardinal headings, midway between the two horizontal axes of the compass, 
and changes direction of error in consecutive quadrants. This is called quadrantal 
error, or sometimes intercardinal rolling error. It is corrected by the addition of weights 
to balance the compass so that the weight is the same in all directions from the center. 
Without a long axis of weight, there is no tendency to rotate during a swing. 

A second cause of quadrantal error is more difficult to eliminate. As a vessel rolls, 
the apparent vertical is displaced first to one side and then to the other, due to the 
accelerations involved. The vertical axis of the gyro compass tends to align itself with 
the apparent vertical. If the vessel is on a northerly or southerly course, the pivot of 
the compass is displaced from the vertical, resulting in a precession first to one side, 
then to the other. The effect is negligible and would be exactly balanced if suc- 
cessive rolls on opposite sides were equal. On an easterly or westerly heading, the pivot 
remains under the gyro axle, but the dynamic effect of the roll, acting upon the damping 
mechanism, introduces a precessing force which causes an error. However, the period 
is short and the error is in opposite directions on opposite rolls, so the effect is negligible. 
On noncardinal headings, both effects are present, and the relationship is such that 
the error is in the same direction regardless of the direction of roll. Thus, a persistent 
error is introduced, which changes direction in successive quadrants. This error is 
generally eliminated by the use of a second gyroscope. In some compasses, this is in 
the form of a small gyroscope called a floating ballistic which stabilizes the point of 
application of the mercury ballistic with respect to the true vertical as the vessel rolls. 
In others, two gyroscopes are used for the directive element and these are so installed 
that they tend to precess in Opposite directions, Thus, they neutralize each other. 
Another way of eliminating this error is to design the mercury ballistic system so that 
the surge of liquid due to north-south component of the roll is diminished in amount 
and delayed so that it is about a quarter of a cycle out of phase with the roll. 

639. Gimballing error is that due to tilt of the compass rose. 


Directions are 
measured in the horizontal plane. If the compass card is tilted, the p 


rojection of its 
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outer rim onto the horizontal is an ellipse, and the graduations are not equally spaced 
with respect to a circle. This error, which applies to all instruments making use of a 
compass rose that can be tilted, is discussed in article 2903. For normal angles of tilt, 
this error is small and can be neglected. For accurate results, readings should be made 
when the card is horizontal. This error applies to the reading of the compass or its 
repeaters (art. 641), rather than to the compass itself. If the compass and its repeaters 
are installed so that the outer gimbals are in the longitudinal axis of the vessel, this 
error is minimized. 

640. Use of the gyro compass in polar regions is discussed in article 2514. If 
means are not available for determining an equivalent setting or correction, a correction 
graph can be constructed. Ballistic deflection error, quadrantal error, and gimballing 
error are temporary or corrected in the design of the compass, and so can be ignored. 
Speed error and damping error (if it applies to the particular compass involved) can 
be combined into a single table or curve of corrections, using the formulas of articles 
635 and 636. In high latitudes the east-west component of the vessel’s speed is sig- 
nificant, and the error may be too large to consider its tangent equal to the angle 
itself expressed in radians. Therefore, the applicabie formulas are: 


S cos C (a) 
902.46 cos L+S sin C 


tan 6= 
a=r tan Li. (2) 


The only approximation remaining is the use of 902.46, which varies slightly with 
latitude. The error thus introduced is not significant. The U. S. Navy Bureau of 
Ships’ curves for latitude 80° are shown in figure 640. From the intersection of the 
appropriate speed curve and the radial line representing the true course (interpolating 
if necessary) a horizontal line is drawn to the vertical line through the origin, where 
the correction is indicated. To construct the curve for speed 35 knots, proceed as 
follows: 

(1) Compute the speed error, 6, for true courses at intervals of perhaps 30°. As 
an example, the error for course 210° (C S30° W) is: 


rl 35 X<0.86603 

tan 6=909 46<0.17365—35 X0.50000 
0.21773. 
§=12°3E. 


The error is easterly because the course has a southerly component (art. 635). 
(2) Compute the damping error. The curves of figure 640 are for a value of r 


of 1°7: 
=1°7X5.6713=9°6E. 


In northern latitudes damping error is easterly. 
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Figure 640.—Gyro compass error curves for latitude 80°. 


(3) Combine 6 and e@ algebraically to obtain gyro error (GE): 


LC 6 a GE 

fe) ° fe} le) 

000 12.6 W 9.6 E 3.0 W 
030 9.9 W 9.6 HE 0.3 W 
060 5.3 W 9.6 E 4.3E 
090 0. 0 9.6K 9.6K 
120 5.3 E 9.6E 14.9 E 
150 9.9 EK 9.6 EH 19.5 EK 
180 12.6 E 9.6 E 22. 2 E 
210 12.3 E 9.6 E 21.9 EK 
240 7.9 E 9.6 E 17.5 EH 
270 0.0 9.6 E 9.6 E 
300 7.9 W 9.6 E 17E 
330 12.3 W 9.6K oad AW 
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(4) To draw the curve, select a convenient origin and label this with the value of 
a. Draw a vertical line through the origin and mark off a convenient scale such that 
all values of 6 can be shown both above and below the origin. The zero on this scale 
is at point a units above the origin (below in the southern hemisphere). Label the 
scale according to GE. Through the origin draw various radial lines at any convenient 
interval to represent true courses. For each computed course draw a horizontal 
construction line from the GE on the central scale to the appropriate radial line. The 
intersection of each pair of lines is one point on the curve. Connect all such points 
with a smooth curve, and erase the construction 
lines. If a straightedge or graph paper is used, 
the construction lines need not be drawn. 

It is good practice to draw the curve for the 
highest speed first, to be sure that succeeding curves 
will fit on the paper. From such curves the gyro 
courses corresponding to various true courses can 
be determined and the radial lines labeled with 
these values for converting gyro directions to true 
directions. 

The curves described in this article are for use 
when all correctors are set on zero, or if no provision 
is made for mechanically correcting for speed and 
damping errors. If the compass does not have a 
mercury ballistic, the damping error is omitted from 
the calculations and curves. 

641. Gyro compass repeaters.—A gyro compass 
is customarily located at a favorable position below g 
decks, and its indications transmitted electrically » 

Nie 
| 
i 


to various positions throughout the vessel. Each 
repeater consists of a compass rose on a suitable 
card so mounted that the direction of the ship’s 
head is indicated at a lubber’s line. Although the 
repeater may be mounted in any position, including 
vertically on a bulkhead, it is generally placed in 
gimbals in a bowl, similar to the mounting of a 
compass, which it resembles (fig. 641). This is true : 
particularly of repeaters used for obtaining bearings. ‘s _ 
A gyro repeater used primarily to indicate the 


gyro heading is sometimes called a ship’s course 
Courtesy of Ahrendt Instrument Co. 


indicator. - eginenn ; ’ 

i ‘ 2 IGURE 641.—A gyro repeater use 

Gyro compass indications are also used in ASE Seer intenter (Mark 
automatic steering devices, direction-stabilized radar 2 Mod 5). 


scopes, wind indicators, fire control equipment, etc. 

A compass used to control other equipment, particularly repeaters, is sometimes 
called a master compass. In the case of a gyro compass, it is usually called a master 
gyro compass. It is good practice to check all repeaters periodically with the master 
compass to insure continued synchronization. 

642. Alidade.—A gyro repeater with a telescopic sight mounted over it is called 
an alidade. If the telescopic sight is mounted so that it remains pointed in the same 
gyro direction regardless of motions of the vessel, the instrument is called a self- 
synchronous alidade. This instrument will retain its setting until oriented to a new 


gyro direction. 
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643. Pelorus.—Although it is desir- 
able to have a compass, a compass repeat- 
er, or an alidade for obtaining bearings, 
satisfactory results can be obtained by 
means of an inexpensive device known as 
a pelorus (fig. 643). In appearance and 
use this device resembles a compass or 
compass repeater, with sighting vanes or a 
sighting telescope attached, but it has no 
directive properties. That is, it remains at 
any relative direction to which it is set. 
It is generally used by setting 000° at the 
lubber’s line. Relative bearings are then 
observed. They can be converted to bear- 
ings true, magnetic, grid, etc., by adding 
the appropriate heading. The direct use 

Courtesy of Wilfrid O. White and Sons, Inc. Of relative bearings is sometimes of value. 

Figure 643.—A pelorus. A pelorus is useful, for instance, in deter- 

mining the moment at which an aid to 

navigation is broad on the beam. It is also useful in measuring pairs of relative 

bearings for use with table 7 or for determining distance off and distance abeam without 
a table (art. 910). 

If the true heading is set at the lubber’s line, true bearings are observed directly. 
Similarly, compass bearings can be observed if the compass heading is set at the lub- 
ber’s line, etc. However, the vessel must be on the heading to which the pelorus is set 
if accurate results are to be obtained, or else a correction must be applied to the ob- 
served results. Perhaps the 
easiest way of avoiding error is 
to have the steersman indicate 
when the vessel is on course. 
This is usually done by calling 
out “mark, mark, mark” as 
long as the vessel is within a 
specified fraction of a degree of 
the desired heading. The ob- 
server, who is watching a dis- 
tant object across the pelorus, 
selects an instant when the 
vessel is steady and is on course. 
An alternative method is to have 
the observer call out “mark” 
when the relative bearing is 
steady, and the steersman note 
the heading. If the compass is 
swinging at the moment of 
Observation, the observation 
should be rejected. The num- 
ber of degrees between the 
desired and actual headings is 
added if the vessel is to the right 
of the course, and subtracted if 


Courtesy of Sperry Gyroscope Co. 
Figure 644.—A course recorder. 
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to the left. Thus, if the course is 060° and the heading is 062° at the moment of 
observation, a correction of 2° is added to the bearing. 

Each observer should determine for himself the technique that produces the most 
reliable results. 

644. Course recorder.—A continuous graphical record of the headings of a vessel 
can be obtained by means of a course recorder (fig. 644). In its usual form, paper 
with both heading and time graduations is slowly wound from one drum to another, 
its speed being controlled by a spring-powered clockwork mechanism. A pen is in 
contact with the paper, tracing a line to indicate the heading at each moment. The 
pen is attached to an arm controlled by indications from a compass, usually the master — 
gyro compass. 

645. Dead reckoning equipment.—The primary navigational functions of dead 
reckoning equipment (DRE) are to (1) provide continuous indications of the vessel’s 
present latitude and longitude, and (2) provide a graphical record of the vessel’s dead 
reckoning track. In addition, most types of dead reckoning equipment provide means - 
for tracking one or more other craft, to obtain a graphical record of the other craft’s 
course and speed. This equipment is generally installed only on warships. 

Dead reckoning equipment consists in general of four components: (1) an analyzer; 
(2) latitude and longitude indicator dials; (3) a desk-size unit called a dead reckoning 
tracer (DRT), usually installed in the chart house; and (4) a glass plotting surface over 
the dead reckoning tracer. 

The analyzer receives directional signals from the vessel’s gyro compass, and dis- 
tance signals from the underwater log. The course and distance data are transformed 
automatically to electrical signals proportional to the north-south and east-west com- 
ponents of the vessel’s movement. These distance signals are transmitted to the 
latitude and longitude indicators, changing their readings by the correct amount to 
indicate the new latitude and the new longitude in degrees and minutes. Since the 
number of miles in the north-south component of distance traveled is nearly equal to the 
change in latitude expressed in minutes, the latitude indicator is fed directly. Depar- 
ture (art. 204) is automatically transformed to difference of longitude before being 
registered on the longitude indicator dials. If the indicator dials are correctly set to 
latitude and longitude, they continuously show subsequent dead reckoning positions 
of the vessel. 

The north-south and east-west component signals from the analyzer are also 
transmitted to the DRT (fig. 645), where they control the motion of a pencil which 
moves across a chart or plotting sheet attached to the DRT base. The pencil draws 
a line which conforms to the maneuvers of the vessel. The mechanism can be set to 
plot the track at any scale from \ mile per inch (Ho mile on some) to 16 miles per inch. 
A clock-controlled contact lifts the pencil from the paper for 15 seconds of each minute 
and for a longer period each 10 minutes, thus providing automatic time measurement. 
The pencil carriage can be moved manually to any part of the chart for initial setting 
and the direction of travel can be adjusted so that the chart can be placed with any 
cardinal direction “up.” 

The cover of the DRT is a sheet of glass to which a plotting sheet or blank paper 
can be fastened. An electric lamp on the top of the pencil carriage throws a spot of 
light through the paper directly over the carriage, thus providing a moving reference 
scaled to the course and speed of the vessel. If the position of the spot of light is 
marked periodically on the paper, a second record of the vessel’s track is obtained. 
However, the principal use of this sheet is for plotting successive positions of another 
craft, using the spot of light as the origin. A polar grid centered on the light may be 
projected onto the paper to facilitate measurement. The course of the other vessel 
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Courtesy. of Ahrendt Instrument Co. 


Figure 645.—A dead reckoning tracer. 


can be measured directly from the plot, and its speed can be determined by means of 
the time needed to travel any distance measured on the plot. This process is called 
tracking. If the ranges and bearings are plotted from a fixed point, relative movement 
is determined, a practice commonly followed in connection with radar (art 212) 

While dead reckoning equipment is a great convenience, particularly when changes 
of course or speed are numerous, its indications should be checked by graphical plot 
on the chart or plotting sheet. Reliable dead reckoning is too important to be left 
entirely to mechanical equipment without an independent check. 


Problems 
634. Gyro error is 1°E. 
Required —(1) True heading when the gyro heading is 155°. 
(2) The course to steer by gyro compass if the desired true course is dl li 
(3) The true bearing of a lighthouse if the bearing by gyro compass is 043°, 
Answers.—(1) TH 156°, (2) Cpge 210°, (3) TB 044°. 


635. A ship at latitude 53°N is steaming on true course 205°, at a speed of 18 
knots. 


Required —Speed error. 
Answer.— 6 1°72 BE. 
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636. A gyro compass having a value of r of 1°0 is at latitude 20°S. 

Required.—The damping error. 

Answer.— a 0°36 W. 

643a. A pelorus is set with 000° at the lubber’s line, and a bearing of 216° is 
observed when the heading is 155° true. 

Required.—The true bearing. 

Answer.—TB 011°. 

643b. A pelorus is set with 070° at the lubber’s line. A bearing of 030° is observed 
when the compass heading is 068°. 

Required —The compass bearing. 

Answer.—CB 028°. 


CHAPTER VII 


COMPASS ERROR 


Magnetism 


701. Theory of magnetism.—The fact that iron can be magnetized (given the 
ability to attract other iron) has been known for thousands of years, but the explanation 
of this phenomenon has awaited the recently acquired knowledge of atomic structure. 
According to present theory, the magnetic field around a current-carrying wire and 
the magnetism of a permanent magnet are the same phenomenon—fields created by 
moving electrical charges. This occurs whether the charge is moving along a wire, 
flowing with the magma of the earth’s core, encircling the earth at high altitude as a 
stream of charged particles, or rotating around the nucleus of an atom. 

It has recently been shown that microscopically small regions, called domains, 
exist in iron and other ferromagnetic substances. In each domain the fields created 
by electrons spinning around their atomic nuclei are parallel to each other, causing 
the domain to be magnetized to saturation. In a piece of unmagnetized iron, the 
directions of the various domains are arranged in a random manner with respect to 
each other. If the substance is placed in a weak magnetic field, the domains rotate 
somewhat toward the direction of that field. Those domains which are more nearly 
parallel to the field increase in size at the expense of the more non parallel ones. If the 
field is made sufficiently strong, entire domains rotate suddenly by angles of as much as 
90° or 180° so as to become parallel to that ‘crystal axis’ which is most nearly parallel 
to the direction of the field. If the strength of the field is increased to a certain value 
depending upon individual conditions, all of the domains rotate into parallelism with 
the field, and the iron itself is said to be magnetically saturated. If the field is re- 
moved, the domains have a tendency to rotate more or less rapidly to a more natural 
direction parallel to some crystal axis, and more slowly to random directions under the 
influence of thermal agitation. 

Magnetism which is present only when the material is under the influence of 
an external field is called induced magnetism. That which remains after the magnetiz- 
ing force is removed is called residual magnetism. That which is retained for long 
periods without appreciable reduction, unless the material is subjected to a demagnetizing 
force, is called permanent magnetism. 

Certain substances respond readily to a magnetic field. These magnetic materials 
are principally those composed largely of iron, although nickel and cobalt also exhibit 
magnetic properties. The best magnets are made of an alloy composed mostly of iron, 
nickel, and cobalt. Aluminum and some copper may be added. Platinum and silver, 
properly alloyed with other material, make excellent magnets, but for ordinary purposes 
the increased expense is not justified by the improvement in performance. Permanent 
magnets occur in nature in the form of lodestone, a form of magnetite (an oxide of iron) 
possessing magnetic properties. A piece of this material constitutes a natural magnet. 
oe oe Pee: oe Ha ie some alloys of iron, the crystals can be so arranged 
heen. 2 ive at the domains remain parallel to each other indefinitely, and 
sec teat se, ae LAG re ha aetna Such alloys are used for the magnets of 
pea nae pate ve 8 ol iron, the domains reorient themselves rapidly to conform 

ging external field, and soon take random directions if the field 


Is removed. A ferromagnetic substance which retains much of its magnetism in the 
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absence of an external field, is said to have high remanence or retentivity. The strength 
of a reverse field (one of opposite polarity) required to reduce the magnetism of a magnet 
to zero is called the coercivity or coercive force of the magnet. Hence, a compass magnet 
should have high remanence in order to be strong, and high coercivity so that stray fields 
will not materially affect it. For convenience, iron is called “hard” if it has high rema- 
nence, and ‘‘soft’”’ if it has low remanence. Permeability (u) is the ratio of the strength 
of the magnetic field inside the metal (B) to the strength of the external field 


B 
(H), or anh 


703. Lines of force.—The direction of a magnetic field is usually represented by 
lines, called lines of force. Relative intensity in different parts of a magnetic field is 
_ indicated by the spacing of the lines of force, a strong field having the lines close together. 
If a piece of unmagnetized iron is placed in a magnetic field, the lines of force tend to 
crowd into the iron, following its long axis, and the field is stronger in the vicinity of the 
iron, somewhat as shown in figure 703a. If the iron becomes permanently magnetized 
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Figure 703a.—Lines of force crowd 
into ferromagnetic material placed Figure 703b.—Field of a permanent 
in a magnetic field. ; magnet. 


and is removed from this field, the lines of force around the iron follow paths about as 
shown in figure 703b. 

704. Magnetic poles.—The region in which the lines of force enter the iron is 
called the south pole, and the region in which they leave the iron is called the north 
pole. Thus, the lines of force are directed from south to north within the magnet, and 
and from north to south in the external field. Every magnet has a north pole and a 
south pole. If a magnet is cut into two pieces, each becomes a magnet with a north 
pole and south pole. A single pole cannot exist independently. If two magnets are 
brought close together, unlike poles attract each other and like poles repel. Thus, a 
north pole attracts a south pole but repels another north pole. 

The earth itself has a magnetic field (art. 706), with its magnetic poles being some 
distance from the geographical poles. If.a permanent bar magnet is supported so that 
it can turn freely, both horizontally and vertically, it aligns itself with the magnetic field 
of the earth, which at most places is in a general north-south direction and inclined to 
the horizontal. Since the north pole of the magnet points in a northerly direction, the 
earth’s magnetic pole in the northern hemisphere has south magnetism. Nevertheless, 
it is called the north magnetic pole because of its geographical location. For a similar 
reason, the pole in the southern hemisphere, although it has north magnetism, is called 
the south magnetic pole. To avoid confusion, north magnetism is usually called 
“red,” and south magnetism, “blue.” The red (north) pole of a magnet is usually 
painted red, and in some cases the south (blue) pole is painted blue. The north magnetic 
pole of the earth is a blue pole, and the south magnetic pole is a red pole. 
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705. The magnetism of soft 
iron, in which remanence is low, 
depends upon the position of the 
iron with respect to an external 
field. It is strongest if the long 
axis is parallel to the lines of 
force, and decreases to a mini- 
mum if the material is rotated 
so that the long axis is perpen- 
dicular to the lines of force. 
Figure 705 shows three positions 
of a bar magnet with respect to 
a magnetic field. At position 

Figure 705.—The polarity of a soft iron bar in a X the pole at the upper end of 

magnetic field. ; A 
the bar is red and relatively 
strong. As the bar is rotated 
toward position Y, the upper end remains red, but its strength decreases. At position 
Y, no pole is apparent at either end, but a red pole extends along the entire left side of 
the bar, and a blue pole along the right side. Poles are strongest when concentrated into 
a small area. Hence, when spread over an entire side, as at position Y, they are 
relatively weak. At position Z, the upper end is blue. 

The change in polarity as a bar of soft iron is rotated in a magnetic field can easily 
be demonstrated. If a bar of soft iron is placed vertical in northern magnetic latitudes 
(as in any part of the United States), the north (red) end of a compass magnet brought 
near it will be attracted by the upper end of the bar, and repelled by the lower end. 
If the bar is inverted, so that its ends are interchanged, the upper end (which as the 
lower end previously repelled the compass needle) will attract the north end of the 
needle, and the lower end will repel it. Thus, the polarity of the rod is reversed, 
either end having blue magnetism if it is at the top. This changing polarity of soft iron 
in the earth’s field is a major factor affecting the magnetic compasses of a steel vessel. 

706. Terrestrial magnetism.—The earth itself can be considered to be a gigantic 
magnet. Although man has known for many centuries that the earth has a magnetic 
field, the origin of the magnetism is 
not completely understood. Never- / 
theless, the horizontal component of 
this field is a valuable reference in 
navigation, for it provides the direc- 
tive force for the magnetic compass, 
which indicates the ship’s heading 
im relation to the horizontal component 
of this field. 

The world-wide pattern of the 
earth’s magnetism is roughly like 
that which would result from a short, 
powerful, bar magnet near the earth’s 
center, as shown in figure 706. The 
geographical poles are at the top and 
bottom, and the magnetic poles are 
offset somewhat from them. This 
Tepresentation, however, is greatly 
simplified. The actual field is more 


Figure 706.—The magnetic field of the earth. 
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complex, and requires measurement of its strength and direction at many places (art. 
707) before it can be defined accurately enough to be of practical use to the navigator. 
Not only are the magnetic poles offset from the geographical poles, but the magnetic 
poles themselves are not 180° apart and, in general, a magnetic compass aligned with 
the lines of force does not point toward either magnetic pole. In 1960, the north 
magnetic pole was located at latitude 74°9 N, longitude 101°0 W, approximately, to 
the northward of Prince of Wales Island; and the south magnetic pole was at latitude 
67°1 S, longitude 142°7 E, approximately, in the northeastern part of Wilkes Land. 
However, the magnetic poles are not stationary. The entire magnetic field of the earth, 
including the magnetic poles, undergoes a small daily or diurnal change, and a very 
slow, progressive secular change. In addition, temporary sporadic changes occur 
from time to time during magnetic storms (art. 2526). During a severe storm, varia- 
tion may change as much as 5°, or more. However, such disturbances are never so 
rapid as to cause noticeable deflection of the compass card, and in most navigable waters 
the change is so little that it is not significant in practical navigation. Even when there 
is no temporary disturbance, the earth’s field is considerably more intricate than indi- 
cated by an isomagnetic chart (art. 708). Natural magnetic irregularities occurring 
over relatively small areas are called magnetic anomalies by the magneticians, but the 
navigator generally refers to these phenomena as local disturbances. Notes warning 
of such disturbances are shown on charts. In addition, artificial disturbances may 
be quite severe when a vessel is in close proximity to other vessels, piers, machinery, 
electric currents, etc. 

The elements of the earth’s field are as follows: 

Total intensity (F) is the strength of the field at any point, measured in a direction 
parallel to the field. Intensity is usually measured in oersteds, one oersted being equal 
to a force of one dyne acting on a unit pole. The range of intensity of the earth’s field 
is about 0.25 to 0.70 oersted. For convenience in geomagnetic surveying, a smaller unit 
is used, called the gamma. One oersted equals 100,000 gammas, so that the range of 
intensity of the earth’s field is about 25,000 to 70,000 gammas. 

Horizontal intensity (H) is the horizontal component of the total intensity. At 
the magnetic equator, which corresponds roughly with the geographic equator, the field 
is parallel to the surface of the earth, and the horizontal intensity is the same as total 
intensity. At the magnetic poles of the earth, the field is vertical and there is no 
horizontal component. The direction of the horizontal component at any place defines 
the magnetic meridian at that place. This component provides the desired directive 
force of a magnetic compass. 

North component (X) is the horizontal intensity’s component along a geographic 
(true) meridian. 

East component (Y) is the horizontal intensity’s component perpendicular to the 
north component. 

Vertical intensity (Z) is the vertical component of the total intensity. It is zero 
at the magnetic equator. At the magnetic poles it is the same as the total intensity. 
While the vertical intensity has no direct effect upon the direction indicated by a 
magnetic compass, it does induce magnetic fields in vertical soft iron, and these may 
affect the compass. 

Variation (V, Var.), called declination (D) by magneticians, is the angle between the 
geographic and magnetic meridians at any place. The expression magnetic variation 
‘5 used when it is necessary to distinguish this from other forms of variation. This 
element is measured in angular units and named east or west to indicate the side of true 
north on which the (magnetic) northerly part of the magnetic meridian lies. For 
computational purposes, easterly variation is sometimes designated positive (+), 
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and westerly variation negative (—). Grid variation (GV) or grivation is the angle 
between the grid and magnetic meridians at any place, measured and named in a manner 
similar to variation. iY . ; 

Magnetic dip (I), called inclination (I) by magneticians, is the vertical angle, 
expressed in angular units, between the horizontal at any point and a line of force 
through that point. The magnetic latitude of a place is the angle having a tangent 
equal to half that of the magnetic dip of the place. 

At a distance of several hundred miles above the earth’s surface, the magnetic field 
surrounding the earth is believed to be uniform, as it appears in figure 706, and centered 
around two geomagnetic poles. These do not coincide with either the magnetic poles 
(art. 704) or the geographical poles. However, they are 180° apart, the north geo- 
magnetic pole being at latitude 78°5 N, longitude 69° W (near Etah, Greenland) and 
the south geomagnetic pole being at latitude 7825S, longitude 111° E. The great circles 
through these poles are called geomagnetic meridians. That geomagnetic meridian 
passing through the south geographical pole is the origin for measurement of geo- 
magnetic longitude, which is measured eastward through 360°. The complement of the 
are of a geomagnetic meridian from the nearer geomagnetic pole to a place is called the 
geomagnetic latitude. When the sun is over the upper branch of the geomagnetic 
meridian of a place, it is geomagnetic noon there, and when it is over the lower branch 
of the geomagnetic meridian, it is geomagnetic midnight. The angle between the lower 
branch of the geomagnetic meridian of a place and the geomagnetic meridian over 
which the sun is located is called geomagnetic time. The diurnal change is related to 
geomagnetic time. The auroral zones (art. 2526) are centered on the geomagnetic poles. 

707. Measurement of the earth’s magnetic field is made continuously at about 70 
permanent magnetic observatories throughout the world. In addition, large numbers 
of temporary stations are occupied for short periods to add to man’s knowledge of the 
earth’s field. In the past, measurements at sea have been made by means of non- 
magnetic ships constructed especially for this purpose. However, this is a slow and 
expensive method, and quite inadequate to survey properly the 71 percent of the 
earth’s surface covered with water. Since World War II, a satisfactory airborne 
magnetometer has been developed by the U. S. N avy. By means of this instrument, 
continuous readings can be recorded automatically during long overwater flights. 

708. Isomagnetic charts showing lines of equality of some magnetic element are 
published by the U. S. Navy Hydrographic Office in collaboration with the U. S. 
Coast and Geodetic Survey. Formerly, three charts of each element were published, 
in addition to a north polar grid variation chart, making a total of 22 in the series. 
Beginning with the series for epoch 1955, charts for the north and east components 
(X and Y) are not published, as this information is of limited use and can be determined 
easily from the horizontal component and variation. The three charts of each element 
consist of one on the Mercator projection (art. 305) covering most of the world, and 
one on a polar projection (azimuthal equidistant (art. 320) or stereographic) for each 
of the two polar areas. All charts now included in the series are published at intervals 
of 10 years, showing the values for the beginning of each year ending in five. Charts 
showing variation are also published for the years ending in zero (1950, 1960, etc.). 

The isomagnetic chart of most concern to a navigator is H.O. Chart No. 1706, 
LT he Variation of the Compass, a simplified version of which is shown in figure 708a. The 
lines connecting points of equal magnetic variation are called isogonic lines. These are 
not magnetic meridians (lines of force). The line connecting points of zero variation is 
called the agonie line. Variation is also shown on nautical charts. Those of relatively 
smal] scale generally show isogonic lines. Those of scale larger than 1:100,000 generally 
give the information in the form of statements inside compass roses placed at various 
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places on the chart, and sometimes, also, by a magnetic compass rose within the true 
compass rose and offset from it by the amount of the variation. By means of this 
arrangement, true directions can be plotted without arithmetically applying variation 
to magnetic directions, or magnetic directions can be read directly from the chart. The 
magnetic compass rose is generally graduated in both degrees and points. Variation is 
given to the nearest 15’, and the annual change to the nearest 1’. However, since the 
rate of change is not constant, a very old chart should not be used, even though it has 
been corrected for all changes shown in Notices to Mariners. 

Another isomagnetic chart of value to the mariners is H.O. Chart No. 1700, Mag- 
netic Dip, figure 708b. Lines connecting points of equal magnetic dip are called 
isoclinal lines. The line connecting points of zero dip is called the magnetic equator. 

Other isomagnetic charts are H.O. Chart No. 1701, showing horizontal intensity; 
H.O. Chart No. 1702, showing vertical intensity; and H.O. Chart No. 1703, showing 
total intensity. Lines connecting points of equal intensity on any of these charts are 
called isodynamic lines. 

In all series of isomagnetic charts, the same number is used for polar charts, but 
with N or S following the number (and N-G or S-G for the grid variation charts) to 
indicate the north or south polar region, respectively. All of the isomagnetic charts 
also show isopors, in a distinctive color, connecting points of equal annual change of 
the element at the epoch of the chart. 

The charts are as accurate as can be made with available information, except that 
the lines are smoothed somewhat, rather than depicting every small irregularity. 
The larger irregularities are reflected in the information shown on nautical charts, 
but local disturbance is indicated by warning notes at appropriate places. In areas 
where measurements of the magnetic field have not been made for a long period, 
the previous information is altered in accordance with the best information available 
on secular change, with some adjustment to provide continuous smooth curves. When 
information is thus carried forward for many years, errors may be introduced, particu- 
larly in areas where the rate of change is large and variable. Magneticians have not 
detected a recognizable world-wide pattern in secular change, such as would occur if it 
were due only to shifting of the positions of the magnetic poles. Rather, these shifts 
are part of the general complex, little-understood secular change. 


The Compass Error 


709. Magnetic compass error.—Directions relative to the northerly direction 
along a geographic meridian are true. In this case, true north is the reference direc- 
tion. If a compass card is horizontal and oriented so that a straight line from its 
center to 000° points to true north, any direction measured by the card is a true 
direction and has no error (assuming there is no calibration or observational error). 
If the card remains horizontal but is rotated so that it points in any other direction, 
the amount of the rotation is the compass error. Stated differently, compass error 
is the angular difference between true north and compass north (the direction north as 
indicated by a magnetic compass). It is named east or west to indicate the side of 
true north on which compass north lies. 

If a magnetic compass is influenced by no other magnetic field than that of the 
earth, and there is no instrumental error, its magnets are aligned with the magnetic 
meridian at the compass, and 000° of the compass card coincides with magnetic 
north. All directions indicated by the card are magnetic. As stated in article 706, 
the angle between geographic and magnetic meridians is called variation (V or Var.). 


Therefore, if a compass is aligned with the magnetic meridian, compass error and 
variation are the same. 
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When a compass is mounted in a vessel, it is generally subjected to various mag- 
netic influences other than that of the earth. These arise largely from induced mag- 
netism in metal decks, bulkheads, masts, stacks, boat davits, guns, etc., and from 
electromagnetic fields associated with direct current in electrical circuits. Some 
metal in the vicinity of the compass may have acquired permanent magnetism. The 
actual magnetic field at the compass is the vector sum, or resultant (art. O18), of all 
individual fields at that point. Since the direction of this resultant field is generally 
not the same as that of the earth’s field alone, the compass magnets do not lie in the 
magnetic meridian, but in a direction that makes an angle with it. This angle is called 
deviation (D or Dev.). Thus, deviation is the angular difference between magnetic 
north and compass north. It is expressed in angular units and named east or west to 
indicate the side of magnetic north on which compass north lies. Thus, deviation 
is the error of the compass in pointing to magnetic north, and all directions measured 
with compass north as the reference direction are compass directions. Since varia- 
tion and deviation may each be either east or west, the effect of deviation may be to 
either increase or decrease the error due to variation alone. The algebraic sum 
(art. O6) of variation and deviation is the total compass error. 

For computational purposes (art. 727), deviation and compass error, like variation, 
may be designated positive (+) if east and negative (—) if west. 

Variation changes with location, as indicated in figure 708a. Deviation depends 
upon the magnetic latitude and also upon the individual vessel, its trim and loading, 
whether it is pitching or rolling, the heading (orientation of the vessel with respect 
to the earth’s magnetic field), and the location of the compass within the vessel. 
Therefore, deviation is not published on charts. 

710. Deviation table.—In practice aboard ship, the deviation is reduced to a 
minimum, as explained later in this chapter. The remaining value, called residual 
deviation, is determined on various headings and recorded in some form of deviation 
table. Figure 710 shows both sides of the form used by the United States Navy. This 
table is entered with the magnetic heading, and the deviation on that heading is deter- 
mined from the tabulation, separate columns being given for degaussing (DG) off and 
on (art. 740). If the deviation is not more than about 2° on any heading, satisfactory 
results may be obtained by entering the values at intervals of 45° only. 

If the deviation is small, no appreciable error is introduced by entering the table 
with either magnetic or compass heading. If the deviation on some headings is large, 
the desirable action is to reduce it, but if this is not practicable, a separate deviation 
table for compass heading entry may be useful. This may be made by applying the 
tabulated deviation to each entry value of magnetic heading, to find the correspond- 
ing compass heading, and then interpolating between these to find the value of devia- 
tion at each 15° compass heading. Another method is to plot the values on cross- 
section paper and select the desired values graphically. 

A nomogram especially designed for interconversion of magnetic and compass 
headings is called a Napier diagram, having been devised by James Robert N apier 
(1821-79). It consists of a dotted, vertical center line graduated from 000° to 360° 
(usually in two parallel parts of 180° each), with two series of cross lines making angles 
of 60° with the dotted vertical line and with each other. If magnetic headings are used, 
deviation is measured along a solid cross line; and if compass headings are used, devia- 
tion is measured along a dotted cross line. A deviation curve is drawn through the 
various points. To convert a magnetic heading to a compass heading, one finds the 
magnetic heading on the vertical center line, moves parallel to a solid cross line until 
the curve is reached, and returns to the center line by moving parallel to a dotted line. 
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The compass heading is the value at the point of return. The reverse process is used 
for converting a compass heading to a magnetic heading. This nomogram is of par- 
ticular value where the deviation is large and changing rapidly. It is now possible, 
however, to reduce deviation to such small values that the Napier diagram has lost 
much of its appeal and is seldom used. 
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Figure 710.—Deviation table. 


Another solution is to make a deviation table with one column for magnetic 
heading, a second column for deviation, and a third for compass heading. Still an- 
other solution, most popular among yachtsmen, is to center a compass rose inside a 
larger one so that an open space is between them and a radial line would connect points 
of the same graduation on both roses. Each magnetic heading for which deviation 
has been determined is located on the outer rose, and a straight line is drawn from 
this point to the corresponding compass heading on the inner rose. 
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A variation of this method is to draw two parallel lines a short distance apart, and 
eraduate each from 0 to 360 so that a perpendicular between the two lines connects 
points of the same graduation. Straight lines are drawn from magnetic directions on 
one line to the corresponding compass directions on the other. If the lines are hori- 
zontal and the upper one represents magnetic directions, the slope of the line indicates 
the direction of the deviation. That is, for westerly deviation the upper part of the 
connecting line is left (west) of the bottom part, and for easterly deviation it is right. 

An important point to remember regarding deviation is that it varies with the 
heading. Therefore, a deviation table is never entered with a bearing (art. 904). If the 
deviation table converts directly from one type heading to another, deviation is found 
by taking the difference between the two values. On the compass rose or straight-line 
type, the deviation can be written alongside the connecting line, and the intermediate 
values determined by estimate. If one has trouble determining whether to add or 
subtract deviation when bearings are involved, he has only to note which heading, 
magnetic or compass, is larger. The same relationship holds between the two values 
of bearing. 

The deviation table should be protected from damage due to handling or weather, 
and placed in a position where it will always be available when needed. A method 
commonly used is to mount it on a board, cover it with shellac or varnish, and attach 
it to the binnacle. Another method is to post it under glass near the compass. It is 
good practice for the navigator to keep a second copy available at a convenient place 
for his use. 

711. Applying variation and deviation.—As indicated in article 709, a single 
direction may have any of several numerical values depending upon the reference 
direction used. One should keep clearly in mind the relationship between the various 
expressions of a direction. Thus, true and magnetic directions differ by the variation, 
magnetic and compass directions differ by the deviation, and true and compass direc- 
tions differ by the compass error. Other relationships are also useful. Thus, grid 
(art. 2510) and magnetic directions differ by the grid variation or grivation, and true 
and relative directions differ by the true heading. The use of variation and deviation 
is considered here. Other relationships are discussed elsewhere in this volume. 

If variation or deviation is easterly, the compass card is rotated in a clockwise 
direction. This brings smaller numbers opposite the lubber’s line. Conversely, if 
either error is westerly, the rotation is counterclockwise and larger numbers are brought 
opposite the lubber’s line. Thus, if the heading is 090° true (fig. 711, A) and variation 
is 6°E, the magnetic heading is 090°—6°=084° (fig. 711, B). If the deviation on this 
heading is 2°W, the compass heading is 084°+2°—086° (fig. 711, C). Also, compass 
error is 6° E—2° W=4°, and compass heading is 090°—4°=086°. If compass error is 
easterly, the compass reads too low (in comparison with true directions), and if it is 
westerly, the reading is too high. Many rules-of-thumb have been devised as an aid 
to the memory, and any which assist in applying compass errors in the right direction 
are of value. However, one may forget the rule or its method of application, or may 
wish to have an independent check. If he understands the explanation given above, 
he can determine the correct sign without further information. The same rules apply 
to the use of gyro error. Since variation and deviation are compass errors, the process 
of removing either from an indication of a direction (converting compass to magnetic 
or magnetic to true) is often called correcting. Conversion in the opposite direction 
(inserting errors) is then called uncorrecting. 

Example—A vessel is on course 215° true in an area where the variation is 7° W. 
The deviation is as shown in figure 710. Degaussing is off. The gyro error (GE) is 1° E. 
A lighthouse bears 306°5 by magnetic compass. 


COMPASS ERROR 169 


90 


i 90 
° ne ro) = 
Ss @ i) & 
022 O¢e OLZ 


g0 90 100 80 90 80 90 


Ficure 711.—Effect of variation and deviation on the compass card. 


Required —(1) Magnetic heading (MH). 

(2) Deviation. 

(3) Compass heading (CH). 

(4) Compass error. 

(5) Gyro heading. 

(6) Magnetic bearing of the lighthouse. 

(7) True bearing of the lighthouse. 

(8) Relative bearing (art. 904) of the lighthouse. 


Solution.— 
TH.216° 


Nepotvicy. Vv. 
(1) MH 222° 
(2)ebe Dimas babe: 
(3) CH 22375 
The deviation is taken from the deviation table (fig. 710), to the nearest half degree. 
(4) Compass error is 79W+11°5 W=8°5 W. 
TH 215° 
GE 1°E 
(5) Hpge 214° 
CB 306°5 
Dewi aw 
(6) MB 305° 
Veena WW 
(7) TB 298° 
(8) RB=TB—TH=298°— 215° =083°. 
Answers.—(1) MH 222°, (2) D 1°5 W, (3) CH 223°5, (4) CE 8°5W, (5) Hpge 214°, 
(6) MB 305°, (7) TB 298°, (8) RB 083°. 
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Deviation and Its Reduction 


712. Magnetism of a steel vessel.—The materials of which a vessel is constructed 
are not, in general, selected for their magnetic properties. As a result, many degrees 
of permeability, remanence, and coercivity (art. 702) exist within its structure. De- 
tailed analysis of the complex field existing at a magnetic compass is a specialized 
study not ordinarily required of the navigator. However, a general knowledge of the 
basic principles involved is of value to the navigator in helping him understand better 
the behavior of his magnetic compasses. 

For most purposes, a vessel can be considered to be composed of two types of 
material: “hard iron’ and “soft iron.”’ 

“Hard iron’”’ is all material having some degree of permaneut magnetism. This 
magnetism is acquired largely during construction of the vessel, when the rearrangement 
of the domains (art. 701) is facilitated by the bending, riveting, welding, and other 
violent mechanical processes. Since a vessel remains on a constant magnetic heading 
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Fiaure 712.—Permanent magnetism of a vessel built on heading magnetic north (left) and magnetic 
east (right) at a place where the magnetic dip is 70°N. 


while it is on the building ways, a field of permanent magnetism becomes established. 
the positions of the poles being dependent largely upon the orientation of the hull with 
respect to the magnetic field of the earth. If a vessel is constructed on a heading of 
magnetic north, at a place where the magnetic dip is 70° N (the approximate value at the 
midpoint of the east coast of the United States), its field of permanent magnetism is 
about as shown at the left of figure 712. ‘Che upper and stern portions are magnetically 
blue, while the lower and forward portions are magnetically red. If the vessel is built 
on a heading of magnetic east, the starboard and upper portions are blue, and the port 
and lower portions are red, as shown by the stern view at the right of figure 712. If the 
heading is magnetic northeast, the upper, starboard, and stern portions are blue, and 
the lower, port, and forward portions red. The red and blue portions for any given 
vessel can be visualized by drawing a sketch similar to that of figure 712, with the 
correct orientation. 

The “permanent” magnetism thus acquired during construction is less permanent 
than that of a permanent magnet such as one of those used in a compass, and is modified 
somewhat after launching, particularly if the vessel remains on another heading for a 
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considerable time during fitting out. The change is especially rapid during the first 
few days after launching, when the domains of the softer iron become reoriented. At 
this stage, deviation due to permanent magnetism may change several degrees. Further 
changes in the permanent magnetism may occur during long periods of being tied up 
or moored on a constant heading, or during a run of several days on nearly the same 
heading. ‘This change is gradual and affects the strength, but usually not the polarity, 
of the magnetic field. The permanent field may be changed quickly, in polarity as 
well as in strength, if the vessel grounds, collides with another vessel, is struck by 
lightning, undergoes magnetic treatment (art. 744), fires its guns, or is struck by shells 
or bombs, etc. 

The effect that the permanent magnetism of hard iron has upon a compass depends 
upon the position and strength of the poles relative to the compass. When the poles 
are in line with the north-south axis of the compass card, the only effect is to strengthen 
or weaken the directive force of the compass. When the compass heading is approxi- 
mately 90° away, so that the poles are east and west of the compass, the deviating 
effect is maximum. The direction of the deviation is the same as that of the blue pole 
with respect to the compass. 

“Soft iron” is all that material in which induced magnetism (art. 701) is present. 
With respect to its effect upon the magnetic compass, it is classed as either vertical or 
horizontal. Unlike hard iron, its magnetic field changes quickly as its orientation with 
respect to the earth’s field changes. It also changes as the strength of the earth’s 
field changes. For some purposes induced magnetism can be treated as if it were 
concentrated in two bars of soft iron, one vertical and the other horizontal. The 
polarity depends upon the position of the vessel relative to the earth’s magnetic field, 
and the strength depends upon the strength of the vertical and horizontal components 
of the earth’s field. This is illustrated in figure 712. In north magnetic latitude the 
bottom of the vertical rod has red magnetism and the top has blue magnetism. In 
south magnetic latitude these are reversed. In both north and south magnetic latitudes 
the magnetic north end of the horizontal bar has red magnetism, and the magnetic 
south end has blue magnetism. Thus, whatever the position of the rod, that part 
in the direction of magnetic north has red magnetism, and that part in the direction of 
magnetic south has blue magnetism. That is, each end has magnetism opposite to that 
of the magnetic pole indicated by the direction in which it is pointed. 

The effect upon a magnetic compass of the induced magnetism in soft iron depends 
upon the strength and direction of the field relative to the compass. The cumulative 
effect of the induced magnetism in vertical soft iron is generally on the center line of the 
vessel (if of conventional construction), and for a compass located forward, as on 
the bridge, is aft of the compass. In magnetic north latitude the effect is generally 
that of a blue pole at the level of the compass card. In magnetic south latitude the 
pole isred. Ona heading of compass north or south the pole is in line with the magnets 
of a center line compass and serves only to strengthen or weaken the directive force. 
On a heading of compass east or west the pole is perpendicular to the north-south 
axis of the compass card, and the deviating force is greatest. 

For a compass located on the center line of a vessel of conventional construction, 
the horizontal soft iron close enough to have appreciable effect upon the compass 1s 
arranged in a more-or-less symmetrical manner with respect to the compass. Thus, 
on any cardinal compass heading, the fore-and-aft and athwartship horizontal soft iron 
is either in line with the compass magnets or equally and similarly arranged on both 
sides. No error is introduced by such symmetrical horizontal soft iron because the 
iron north and south of the compass magnets serves only to strengthen or weaken the 
directive force, and that east and west of the compass sets up an equal and opposite 
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field on each side. On intercardinal headings, the poles of the induced magnetism are 
offset and a maximum deviating force occurs. That part of horizontal soft iron which 
is not symmetrically arranged with respect to the compass—the asymmetrical soft 
iron—produces deviation which is maximum on the cardinal headings and-zero on the 
intercardinal headings (by compass). This type of deviation is particularly great in a 
compass not mounted on the center line of the vessel. It may also produce deviation 
which is constant on all headings. 

In wooden-hulled vessels such as certain yachts and small fishing vessels, one or 
more of these types of magnetism may be weak or entirely missing, but this does not 
justify the omission of any part of the correction procedure. 

As far as its effect upon the compass is concerned, the magnetic field at a center 
line compass located forward on a vessel of conventional construction, and on an even 
keel, is essentially the same as that which would result from four sources: (1) the earth’s 
magnetism; (2) a single blue pole the location and strength of which depends upon the 
magnetic history of the vessel; (3) a single pole which is blue in north magnetic latitude 
and red in south magnetic latitude, is on the center line aft of the compass, and increases 
in strength with higher magnetic latitude; and (4) a single blue pole on the starboard 
side for easterly headings and on the port side for westerly headings, being of zero 
strength on a heading of north or south and decreasing in strength with increased 
magnetic latitudes. The single pole concept assumes that the effect of one pole pre- 
dominates. The locations of the poles depend partly upon the position of the compass 
to which they apply. The actual field surrounding any magnetic compass may be 
considerably more complex than indicated. 

713. Compass adjustment.—There are at least two possible solutions to the prob- 
lem of compass error. The error can be permitted to remain, and the various directions 
interconverted by means of variation and deviation, or compass error, as explained in 
article 711; or the error can be removed. In practice, a combination of both of these 
methods is used. 

Variation depends upon location of the vessel, and the navigator has no control 
over it. Provision could be made for offsetting the lubber’s line, but this would not 
be effective in correcting magnetic compass bearings, and this practice is not generally 
followed. Variation does not affect the operation of the compass itself, and so is not 
objectionable from this standpoint. 

Deviation is undesirable because it is more troublesome to apply, and the magnetic 
field which causes it partly neutralizes the directive force acting upon the compass, 
causing it to be unsteady and sluggish. As the véssel rolls and pitches, or as it changes 
magnetic latitude, the magnetic field changes, producing a corresponding change in the 
deviation of an unadjusted compass. 

Deviation is eliminated, as nearly as practicable, by introducing at the compass a 
magnetic field that is equal in magnitude and opposite in polarity to that of the vessel. 
This process is called compass adjustment, or sometimes compass compensation, 
although the latter designation is now more generally applied to the process of neutral- 
izing the effect due to degaussing of the vessel (art. 745). 

In general, the introduced field is of the same kind of magnetism as well as of the 
same intensity as those of the field causing deviation. That is, permanent magnets 
are used to neutralize permanent magnetism, and soft iron to neutralize induced mag- 
netism, so that the adjustment remains effective with changes of heading and magnetic 
latitude. A relatively small mass of iron near the compass introduces a field equal to 
that of a much larger mass at a distance. 

When a compass is properly adjusted, its remaining or residual deviation is small 
and practically constant at various magnetic latitudes, the directive force is as strong 
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as is obtainable on all headings, and the compass returns quickly from deflections and is 
comparatively steady as the vessel rolls and pitches. 

714. Effect of latitude.—As indicated in article 706, the magnetic field of the earth 
is horizontal at the magnetic equator, and vertical at the magnetic poles, the change 
occurring gradually as a vessel proceeds away from the magnetic equator. At any 
place the relative strength of the horizontal and vertical components depends upon the 
magnetic dip. The directive force of a magnetic compass, provided by the horizontal 
component of the earth’s magnetic field, is maximum on or near the magnetic equator 
and gradually decreases to zero at the magnetic poles. Within a certain area sur- 
rounding each magnetic pole the directive force is so weak that the compass is unre- 
liable (art. 2513). 

Deviation changes with a change of the relative strength of either the deviating 
force or the directive force. Thus, with either an increase in deviating force or a de- 
crease in directive force, the deviation increases. However, if both the deviating and 
directive forces change by the same proportion, and with the same sign, there is no 
change in deviation. Also, if a deviating force is neutralized by an equal and opposite 
force of the same kind, there is no change of deviation with a change of magnetic 
latitude. 

Permanent magnetism is the same at any latitude. If the permanent magnetism 
of the vessel is neutralized by properly placed permanent magnets of the correct strength, 
a change of magnetic latitude can be made without introduction of deviation. But if 
residual deviation due to permanent magnetism is present, it increases with a change 
to higher latitude. The deviating force remains unchanged while the directive force 
decreases, resulting in an increase in the relative strength of the deviating force. 

As magnetic latitude increases, the vertical component of the earth’s magnetic field 
becomes stronger, increasing the amount of induced magnetism in vertical soft iron. 
At the same time the directive force of the compass decreases. Both effects result in 
increased deviation unless the deviating force is neutralized by induced magnetism in 
vertical soft iron. 

As magnetic latitude increases, the induced magnetism in the horizontal soft iron 
decreases in the same proportion as the decrease in the directive force of the compass, 
since both are produced by the horizontal component of the earth’s magnetic field. 
Therefore, any deviation due to this cause is the same at any latitude. 

715. Parameters.—Compass adjustment might be accomplished by locating the 
pole of each magnetic field, and establishing another pole of opposite polarity and 
equal intensity at the same place, or of less intensity and nearer to the compass; or a 
pole of opposite polarity and suitable intensity might be established at the correct dis- 
tance on the opposite side of the compass. Thus, a blue pole east of a compass attracts 
the red northern ends of the compass magnets and repels the blue southern ends. Both 
effects cause rotation of the compass magnets and the attached compass card in a clock- 
wise direction, producing easterly deviation. Hither a red pole east of a compass, or & 
blue pole west of it, causes westerly deviation. If there are two fields of opposite polarity, 
one will tend to neutralize the other. If the intensities of the two fields are equal at 
the compass, one will cancel the other, and no deviation occurs. 

Because of the complexities of the magnetic field of a vessel, and the fact that each 
individual field making up the total is present continuously, the process of isolating 
individual poles would be a difficult and time-consuming one. Fortunately, this is 
unnecessary. The vessel’s field is resolved into certain specified components. Each of 
these components, regardless of its origin or the number of individual fields contributing 
to it, can be neutralized separately. Hach component 1s called a parameter, and the 
various parameters are designated by letter, as follows: 
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Permanent magnetism. Parameter P is the fore-and-aft component. It is positive 
(+) if it is the equivalent of a blue pole forward of the compass, and negative Ged if red. 

Parameter Q is the athwartship component. It is positive if it is the equivalent of 
a blue pole to starboard. 

Parameter Ris the vertical component. It is positive if it is the equivalent of a 
blue pole below the compass. 

Induced magnetism has nine parameters, each the equivalent of that produced by 
a slender rod of soft iron. Each end of a rod is positive if it is forward, to starboard, or 
below the compass. Each rod is positive if both ends are positive or if both ends are 
negative, and negative if the two ends are of opposite sign. The rods are as follows: 

a, 6, c—one end level with the compass and in its fore-and-aft axis, either forward or 
aft. Itisanqarod if it extends fore-and-aft, a b rod if athwartships, and a c rod if vertical. 

d, e, f—one end level with the compass and in its athwartships axis, either to star- 
board or to port. It is a d rod if it extends fore-and-aft, an ¢ rod if athwartships, and 
an f rod if vertical. 

g, h, k—one end in the vertical axis of the compass, either above it or below it. 
It is a g rod if it extends fore-and-aft, an A rod if athwartships, and a k rod if vertical. 

716. Coefficients.—Deviation which is easterly throughout approximately 180° 
of heading and westerly throughout the remainder is called semicircular deviation, 
indicating that its sign remains unchanged throughout a semicircle. Deviation caused 
by permanent magnetism and that caused by induced magnetism in vertical soft iron 
are semicircular. Deviation which changes sign in each quadrant, being easterly in two 
opposite quadrants and westerly in the other two, is called quadrantal deviation. It 
is caused by induced magnetism in horizontal soft iron. The types of deviation re- 
sulting from the various parameters are called coefficients. There are six, as follows: 

Coefficient A is constant on all headings. If its cause is magnetic, as from an 
asymmetrical combination of parameters, it is a “true” constant. If its cause is 
mechanical, as from an incorrectly placed lubber’s line, or mathematical, as from an 
error in computation of magnetic azimuth, it is an “apparent” constant. 

Coefficient B is semicircular deviation which is proportional to the sine of the 
compass heading. It is maximum on compass headings east or west, and zero on 
compass headings north or south. Coefficient B is caused by permanent magnetism, 
and also by induced magnetism in asymmetrical vertical soft iron. 

Coefficient C is semicircular deviation which is proportional to the cosine of the 
compass heading. It is maximum on compass headings north or south, and zero on 
compass headings east or west. Coefficient ( is caused by permanent magnetism or 
by induced magnetism in asymmetrical vertical soft iron athwartship of the compass. 

Coefficient D is quadrantal deviation which is proportional to the sine of twice 
the compass heading. It is maximum on intercardinal compass headings, and zero on 
cardinal compass headings. Coefficient D is caused by induced magnetism in horizontal 
soft iron which is symmetrical with respect to the compass. 

Coefficient E is quadrantal deviation which is proportional to the cosine of twice 
the compass heading. It is maximum on cardinal compass headings, and zero on inter- 
cardinal compass headings. Coefficient E is caused by induced magnetism in hori- 
zontal soft iron which is asymmetrical with respect to the compass. 

Coefficient J is the change of deviation for a heel of 1° while the vessel is on compass 
heading 000°. 

The determination and use of the approximate coefficients in the analysis of com- 
pass deviation are discussed in article 727. The force components producing these 
coefficients are called exact coefficients. They are designated by the corresponding 
upper case German letters. The exact coefficients are now little used in practical 
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navigation. They are fully discussed in various books on compass adjustment. 

717. Effect of compass location.—The location of a magnetic compass greatly 
influences the amount and type of deviation, as well as the adjustment. Thus, if a 
compass is on the center line, forward, the effective pole of vertical soft iron is aft of it; 
but if the compass is in the after part of the vessel, the effective pole is forward. If the 
compass is not on the center line, as the steering compass of an aircraft carrier, the 
magnetic field of the vessel is not symmetrical with respect to the compass. If a compass 
is located in a steel pilot house, the surrounding metal acts as a shield and reduces the 
strength of the magnetic field of the earth. This is of particular significance in high 
magnetic latitudes, where the directive force is weak. 

Many factors influence the selection of a position for the compass. The most 
important consideration is the use to be made of it. A steering compass is of little 
use unless it is located so that it can be seen by the steersman. A compass to be used 
for emergency steering should be at the emergency steering station. A compass to be 
used for observing bearings or azimuths, or a standard compass to be used for checking 
other compasses, should be located so as to have a clear view in most directions. 

However, some choice is possible. A compass should not be placed off the center 
line if it can be placed on the center line and still serve its purpose. It should not be 
placed near iron or steel equipment that will frequently be moved, if this can be avoided. 
Thus, a location near a gun, boat davit, or boat crane is not desirable. The immediate 
vicinity should be kept free from sources of deviation—particularly those of a changing 
nature—if this can be done. That is, no source of magnetism, other than the structure 
of the vessel, should be permitted within a radius of several feet of the magnetic com- 
pass. Some sources which might be overlooked are electric wires carrying direct current; 
magnetic instruments, searchlights, windshield wipers, electronic equipment, or motors; 
steel control rods, gears, or supports as- 
sociated with the steering apparatus; fire 
extinguishers, gas detectors, etc.; and 
metal coat hangers, flashlights, keys, 
pocketknives, metal cap devices, or nylon 
clothing. The effect of some items such 
as an ammeter or electric windshield wiper 
varies considerably at different times. If 
direct current is used to light the com- 
pass, the wires should be twisted. 

A magnetic compass cannot be ex- 
pected to give reliable service unless it is 
properly installed and protected from 
disturbing magnetic influences. 

718. The binnacle.—The compass is 
housed in a binnacle. This may vary 
from a simple wooden box to an elaborate 
device of bronze or other nonmagnetic 
material. Most binnacles provide means 
for housing or supporting the various ob- 
jects used for compass adjustment, as well 
as the equipment for compensating for de- 
viation caused by degaussing. The stand- 
ard binnacle for the U. S. Navy 74-inch 


compass is shown in figure 718. The Frqure 718.—The standard binnacle for a U. 58. 
trays for holding the fore-and-aft and Navy 74-inch compass. 
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athwartship magnets (art. 719), and the tube for the heeling magnet (art. 724), can 
be seen through the open door. 

719. Adjustment for deviation due to permanent magnetism.— Permanent 
magnetism can be considered concentrated in a single pole, the position of which 
depends upon the magnetic heading upon which the vessel was constructed, and 
the subsequent magnetic history of the vessel. Figure 719a indicates the condi- 


FieurE 719a.—Deviation due to permanent magnetism if the resultant field is that of a blue pole 
on the starboard quarter of the vessel. 


tion if the permanent magnetism can be considered concentrated in a single blue 
pole which is directly south of the compass when the vessel is headed magnetic north- 
east. The only effect on this heading is to weaken the directive force. No deviation 
is produced because the pole is in line with the compass magnets. On heading mag- 
netic southwest, the pole is also in line with the compass magnets and there is no 
deviation, but the directive force is strengthened. On any other heading, the pole 
is not in line with the compass magnets, and deviation occurs, being in the same direc- 
tion as that of the blue pole from the compass, since the blue pole attracts the red 
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northerly ends of the compass magnets and repels the blue southerly ends. The maxi- 
mum effect occurs when the compass heading is approximately 90° from that of zero 
deviation. In figure 719a the headings shown on the compass card are the magnetic 
headings of the vessel. Their offset from the lubber’s line shows the direction and 
relative magnitude of deviation. 

If there were no other magnetism in the vessel, the poles might easily be located 
and neutralized by placing a magnet in such a position that a field of permanent mag- 
netism but opposite polarity would oc- 
cur at the compass. Although this 
method of adjustment has been used, 
it has not proven entirely satisfactory. 

The usual method is to adjust for 
the fore-and-aft (parameter P) and fs 
athwartship (parameter Q) components 
separately. These are shown in figure 
719b. The vertical parameter R does 
not produce deviation while the vessel 
: Figure 719b.—The horizontal component of the 
is on an even keel. Its effect when permanent field of figure 719a resolved into its 
the vessel heels is discussed in article components, parameters P and Q. 

724. Thus, the effect of a single blue 
pole at the position shown in figure 719a is the same as that which would be pro- 
duced by two weaker poles as shown in figure 719b. On heading east or west by the 
compass, parameter @ does not produce deviation directly. However, on easterly 
headings it does weaken the directive force due to the earth’s magnetic field and there- 
fore the deviating force of parameter P (causing deviation coefficient B) is relatively 
stronger and has a greater deviating effect. On a westerly heading the directive force 
would be strengthened, with a corresponding decrease in the B coefficient of deviation. 
By weakening the directive 
force on easterly headings, pa- 
a = rameter Q also makes the com- 
aos pass sluggish on these headings. 
oa) In high latitudes, where the 
horizontal component of the 
earth’s magnetic field is weak, 
the compass may lose its di- 
rectivity at a greater distance 
from the magnetic pole. Nearer 
the pole, it might point in the 
opposite direction. 
a eet Many binnacles provide a 
Frcure 719c.—The field of a permanent magnet below the 
compass and opposing parameter P of figure 719b. group of several small tubes or 
“trays” extending in a fore- 
and-aft direction below the compass. One or more permanent magnets can be 
inserted in these trays, and the whole assembly moved up or down to vary the effect 
upon the compass. ‘Figure 719c¢ shows the situation if a single magnet is placed with 
its red end aft. The field at the compass is in the opposite direction of that of 
parameter P, and if it is of equal strength, the effect of this parameter is eliminated. 

If now the vessel is headed north or south by the compass, the only pole remain- 
ing is that due to parameter Q (causing deviation coefficient C), as shown in figure 719d. 
A set of trays in an athwartship direction below the compass permits insertion of one 
or more permanent magnets to neutralize the remaining permanent magnetism. The 
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effect of inserting a single magnet with red end to starboard is shown in figure 719e. 
With both components removed, the field at the compass is completely neutralized. 

Both the fore-and-aft (B) and athwartship (C) trays are in pairs with an equal 
number of trays on each side of the vertical axis of the compass. In each set of trays 
it is generally desirable to use an even number of magnets equally distributed on each 
side, to produce a symmetrical field at the compass. However, under some conditions, 
maximum reduction of deviation occurs with an odd number of magnets, particularly 
when two magnets at maximum distance from the compass overcorrect. If there is 
a choice, a greater number of magnets at a distance is preferable to a lesser number 
close to the compass. 

With each parameter, the trays to use are those which are approximately perpen- 
dicular to the compass magnets. The magnets are placed so that the red ends will 
be on that side of the compass corresponding to the deviation. Thus, if deviation is 
easterly, the magnets should be placed so that the red ends will be east of the compass 
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Ficure 719e.—The field of a permanent magnet 
below the compass and opposing parameter Q 
FiaurE 719d.—The per- of figure 719b. 
manent field of figure 
719a after neutraliza- 
tion of parameter P. 


(forward if the heading is east, and to starboard if the heading is north). However, 
if the wrong end is inserted in the trays, the fact will be immediately apparent be- 
cause the compass card will rotate in the wrong direction. If the binnacle is not 
constructed to receive appropriate corrector magnets, these might be secured to some 
supporting surface near the compass. 

During adjustment, the unused magnets should be kept far enough from the com- 
pass so that they will not affect it. 

720. Adjustment for deviation due to induced magnetism in vertical soft iron.— 
Figure 720 shows the effect upon the compass of a single blue pole on the center line 
of the vessel, aft of the compass. This is a typical situation for induced magnetism in 
vertical soft iron, for a centerline compass located in the forward part of a vessel in 
magnetic north latitude. On heading north by compass there is no deviating force, 
but the directive force is weakened. In high northern latitudes, where this pole 
becomes strong and the directive force becomes weak, magnetism of this type, if not 
neutralized, can cause the compass to be unreliable in a much larger area than if the 
force is neutralized. On a heading of south by compass there is no deviation, but the 
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Ficure 720.—Deviation due to induced magnetism in vertical soft iron if the resultant field is that 
of a blue pole on the center line aft of the compass. 


directive force is strengthened. On headings with an easterly component the devia- 
tion is westerly, and on headings with a westerly component the deviation is easterly. 
In each case the maximum occurs when the vessel is on compass heading approximately 
east or west. Thus, the deviation due to induced magnetism in vertical soft iron is 
semicircular, coefficient B. In figure 720 the headings shown on the compass card are 
the magnetic headings of the vessel. Their offset from the lubber’s line shows the 
direction and relative magnitude of deviation. 

The deviating force due to induced magnetism in vertical soft iron is neutralized 
by placing a bar of soft iron in a vertical position on the opposite side of the compass 
from the effective pole due to the field of the vessel. This piece of metal is called a 
Flinders bar, after Captain Matthew Flinders, RN (1774-1814), an English navigator 
and explorer who is generally given credit for discovering both the effect and method 
of adjustment (art. 111). Today, most binnacles for large ships provide a tube for 
insertion of a Flinders bar. The bar consists of various lengths of soft iron placed end 
to end; with the remainder of the tube being filled with spacers of nonmagnetic mate- 
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rial, usually wood, brass, or aluminum. The standard Flinders bar is two inches in 
diameter and is divided into six sections, one each of 12, 6, 3, and 1% inches, and two of 
% inch. This permits use of any multiple of % inch to 24 inches. All the iron pieces 
should be above the spacers in the tube, without a gap between pieces, the largest piece 
being on top. The upper end is then about two inches above the level of the compass 
card. For short lengths, one or more spacers should be omitted so that about 
¥» of the length of the bar is above the level of the compass card. 

The various pieces should be inserted in the tube carefully. If they are dropped, 
they may acquire some permanent magnetism. This reduces their effectiveness for 
the purpose intended. Each piece should be tested from time to time to determine 
whether or not it has acquired permanent magnetism. This can be done by holding 
it vertical with one end east or west of the compass and very near the compass magnets, 
noting the reading of the compass, and then inverting the piece so that the ends are 
interchanged. If the reading differs, permanent magnetism has been acquired by the 
iron rod. The temporary change of reading while the rod is being inverted should be 
ignored. In making the test, one should be careful to place the rod in the same position 
relative to the compass before and after inversion. On an easterly or westerly heading 
the Flinders bar holder can be used. A small amount of permanent magnetism can be 
removed by holding the rod approximately parallel to the lines of force of the earth’s 
field, with the blue pole of the rod toward the north, and tapping one end of the rod 
gently with a hammer. Several alternate tests and treatments may be needed to 
make the rod magnetically neutral. If this process is not effective in removing the 
permanent magnetism, the rod should be heated to a dull red and allowed to cool 
slowly. 

An older type Flinders bar, rarely encountered with modern compasses, consists 
of a number of slender rods of equal length, the number of rods being varied rather 
than the length of a single rod. Another old system consists of using a single rod 
of fixed length, and varying its distance from the compass. 

721. Determination of Flinders bar length.—As indicated in articles 719 and 720, 
coefficient B magnetism may be introduced both by permanent magnetism of the vessel 
and by induced magnetism in asymmetrical vertical soft iron. A problem thus arises as 
to what part of the deviation on headings magnetic east and west is due to each cause. 
If the vessel remains on an even keel at about the same magnetic latitude, adjustment 
can be made without this knowledge. However, satisfactory performance under all 
conditions requires separate adjustment for each cause. 

There are several possible solutions to this problem. The two sources can be 
separated by use of the fact that a change of magnetic latitude affects them differently. 
On the magnetic equator there is no vertical component of the earth’s magnetic field, 
and consequently no induced magnetism in vertical soft iron. Therefore, if the compass 
is adjusted on the magnetic equator, all coefficient B deviation is due to permanent 
magnetism, and is removed by the fore-and-aft magnets. After a considerable change 
of magnetic latitude, the deviation on a heading of magnetic east or west is again 
measured. By means of the curves of figure 721, A, the required amount of standard 
two-inch Flinders bar is determined. Accurate results will be obtained only if the 
vessel is magnetically the same at both latitudes. That is, a structural change, an 
alteration in the number or position of magnets or other devices used in the adjustment, 
magnetic treatment, etc., invalidates the measurement. After the required amount 
of Flinders bar has been inserted, some deviation may be present due to mutual induc- 
tion among the various devices used for adjustment. This should be removed by 
means of the permanent magnets. Once the correct amount of Flinders bar has been 
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installed, no change should be needed unless there is a substantial change in the amount 
or location of vertical soft iron, or unless the compass is relocated. 

This method is not always practical. If the correct length and location of Flinders 

bar for another vessel of similar construction and compass location have been determined 

previously, the same length can be used for the compass being adjusted. If a large 

change in magnetic latitude can be made without appreciable change of deviation on 

headings east and west, the amount of Flinders bar is correct. If the deviation changes, 


FLINDERS BAR CURVES 
(2 in. Bar ) 
DEGREES CORRECTION 


DIP IN DEGREES 
CONSTANT “K" 


LENGTH OF BAR IN INCHES 


i i iati i g ism in vertical soft iron is 
Freure 721.—Flinders bar curves: A, if deviation due to induced magnetism in vertical soft 
known; B, if coefficient K is known. 


readjustment is needed. By studying the structure of the vessel, an experienced com- 
pass adjuster may be able to make a reasonably accurate estimate of the length to use. 
In the absence of enough reliable information to permit a reasonably accurate 
determination of the correct length, the Flinders bar may be omitted entirely, and the 
deviation on east and west headings removed by means of the fore-and-aft permanent 
magnets. This is common practice for yachts, fishing vessels, and even for some 
coastal vessels which do not change magnetic latitude more than a few degrees. / 
The correct length of Flinders bar can be determined by figure 721, B, if reliable 
data are available on the deviation occurring on magnetic east or west headings at two 
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widely separated magnetic latitudes. The constant K is determined by computation, 
using the formula 
H, tan d,—H, tan d, 

Z_—Zy 


K=hd 


in which 
kK=a constant proportional to the required length of Flinders bar. 

\=shielding factor, or the proportion of the earth’s field effective at the compass. 
Generally, it varies from about 0.7 to 1.0, averaging about 0.9 for compasses 
in exposed positions, and 0.8 for those surrounded by metal deck houses. 

H,=horizontal intensity of earth’s magnetic field at place of first deviation reading. 
H,.=horizontal intensity of earth’s magnetic field at place of second deviation 


reading. 

d,=total deviation on heading magnetic east or west at place of first deviation 
reading. 

d.=total deviation on heading magnetic east or west at place of second deviation 
reading. 


Z,=vertical intensity of earth’s magnetic field at place of first deviation reading. 
Z,=vertical intensity of earth’s magnetic field at place of second deviation reading. 


The values of horizontal and vertical intensity (H and Z) can be obtained from 
H.O. charts No. 1701 and 1702, respectively. 

The constant K represents a mass of vertical soft iron (the c rod) causing deviation. 
From the intersection of the curve of figure 721, B, and a horizontal line through the 
value of constant K, draw a vertical line to the bottom scale, which shows the required 
length of Flinders bar. 

If some length of Flinders bar was in place when the two deviation readings were 
made, enter the graph of figure 721, B, with this length and determine the corresponding 
value of K. Call this K, and that obtained by computation K,. Algebraically add 
&, and K, to determine the value of K to use for finding the total length of Flinders 
bar required. If the Flinders bar is forward of the compass, K, is negative (—), and 
if aft of the compass, K> is positive (+). In the computation of K2, both Z, and Z, are 
positive in north magnetic latitude and negative in south magnetic latitude. Also, d, 
and d, are positive if deviation is east on magnetic heading east in north latitude or 
magnetic heading west in south latitude. If either the heading or direction of the 
deviation is reversed, the sign of d, or dy is negative. If both are reversed, the sign is 
positive. If the value of K is negative, the Flinders bar should be installed forward of 
the compass, and if positive, it should be installed aft. 

Example——The deviation of a magnetic compass of a ship on heading magnetic 
east is 1°K at New York (H 0.170, Z 0.539) and 9°E at Panama (H 0.311, Z 0.260). 
The shielding factor is 0.8. 

Required.—The correct length of Flinders bar if (1) no Flinders bar is in place 


during observations, (2) six inches of Flinders bar is in place forward of the compass 
during observations, 
Solution. — 


One Sis5 aa ie ELDCIONES 
0.260—0.539 


=(—) 0.133 
K,=0 
K =K,+K, =(—) 0.133 
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From figure 721, B, the correct amount of Flinders bar is 22 inches. Since the 
amount used must be a multiple of % inch, the amount to use is 21% inches. Since K 
is negative, the bar should be installed forward of the compass. 

(2) From figure 721, B, the value of K, corresponding to six inches of Flinders bar 
is 0.009. The value is negative because the bar is forward of the compass. Therefore, 
K,+K,=(—) 0.133+(—) 0.009=(—) 0.142. From figure 721, B, the total amount of 
Flinders bar required is 24 inches, which should be installed forward of the compass. 

Answers.—(1) 21% inches of Flinders bar installed forward of the compass, (2) 24 
inches of Flinders bar installed forward of the compass. 

When the length of Flinders bar is determined in this way, accurate results can be 
expected only if the vessel is magnetically unchanged between deviation readings. 

Lord Kelvin suggested the following rule for improving the adjustment for co- 
efficient B if no better method is available: 

Remove the deviation observed on magnetic east or west headings by means of fore-and- 
aft B magnets when the vessel has arrived at places of weaker vertical magnetic field, and 
by means of Flinders bar when it has arrived at places of stronger vertical magnetic field, 
whether in the northern or southern hemisphere. 

After a number of applications of this rule following alternate passage from weaker 
to stronger fields and then stronger to weaker fields, the amount of Flinders bar should 
be very nearly correct. 

722. Adjustment for deviation due to induced magnetism in symmetrical hori- 
zontal soft iron.—That part of horizontal soft iron which is symmetrically arranged 
with respect to the compass can be considered equivalent to two rods extending through 
the compass, one in a fore-and-aft direction (— a rod) and the other in an athwartship 
direction (—e rod). The deviation caused by both of these rods is quadrantal, but of 
opposite sign. If both rods were equally effective in causing deviation, they would 
cancel each other and no deviation would result on any heading. In most vessels, 
however, the athwartships iron dominates, and deviation due to all horizontal soft iron 
can generally be considered to be that which would result from a single (—)e rod. 
In figure 722a the deviation resulting from such a rod is shown for various magnetic 
headings in any latitude. There is no deviation on any cardinal heading, but the direc- 
tive force is weakened on heading magnetic east or west. The maximum deviation 
occurs on intercardinal headings by compass, being easterly in the northeast and south- 
west quadrants, and westerly in the other two quadrants. This is coefficient D devia- 
tion. In figure 722a the headings shown on the compass card are the magnetic headings 
of the vessel. Their offset from the lubber’s line shows the direction and relative 
magnitude of deviation. 

The field causing this deviation is neutralized by installing two masses of soft iron 
abeam of the compass, on opposite sides and equidistant from its center. Such iron 
is usually in the form of hollow spheres or cylinders, called quadrantal correctors. 
These can be moved in or out in an athwartship direction along brackets on the sides of 
the binnacle. aoe 

Quadrantal correctors act as (+) ¢ parameters which neutralize the (—) e parameter 
of the athwartships iron. As shown in figure 722b, the portion of the corrector adjacent 
to the compass is always of opposite polarity to the deflecting force. The amount of 
the correction can be adjusted by moving the correctors toward or away from the com- 
pass card. If the inboard limit of travel is reached without fully removing the devia- 
tion, larger correctors are needed. If overcorrection occurs at the outboard limit, smaller 
correctors are needed. A single corrector can be used, but this produces an unbalanced 
field which is less desirable than a balanced one. In general, large correctors ata greater 
distance are preferable to small correctors close up because there is less mutual induction 


184 COMPASS ERROR 


between the correctors if they are widely separated. In the rare case when quadrantal 
deviation is westerly on heading northeast (coefficient D is negative, the fore-and-aft 
horizontal soft iron predominating), the quadrantal correctors should be mounted 
fore-and-aft on the binnacle. ? 

Figure 722c shows the approximate amount of deviation correction to be expected 
from correctors of various sizes, shapes, and distance from the center of a standard 


FIGURE 722a.— Deviation caused by induced magnetism in symmetrical horizontal soft iron. 


N avy 74-inch compass. The data apply to either the athwartships or fore-and-aft 
position. 

Like the Flinders bar (art. 720), the quadrantal correctors should be handled 
carefully, and checked from time to time to see if they have acquired permanent mag- 
netism. The test can be made by rotating each corrector through 180° without altering 
its distance from the center. If the compass heading changes, the correctors have 
acquired permanent magnetism which can be removed by tapping with a hammer when 
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the blue pole is toward the north, or by removing the spheres, heating them to a dull 
red, and permitting them to cool slowly. 

723. Adjustment for deviation due to induced magnetism in asymmetrical hori- 
zontal soft iron.—If the horizontal soft iron is not arranged symmetrically with respect 
to the compass, resulting in an effective pole which is on neither the fore-and-aft nor 
athwartships axis through the compass, quadrantal deviation with its maximum values 


ths 
Kise 


Ficure 722b.— Adjustment for symmetrical horizontal soft iron. 


on cardinal headings (coefficient /) results. Constant deviation (coefficient A) may 
also be caused by this arrangement. Either coefficient # or Ais due to acombination of 
parameters. ay 

For a centerline compass on a ship of conventional construction, any deviation due 
to induced magnetism in asymmetrical horizontal soft iron is small, and many installa- 
tions make no provision for neutralizing the effect. However, some binnacles are 
provided with a pair of E-links, which are bars that can be attached to the side brackets 


to permit the quadrantal correctors to be slewed somewhat with respect to the com- 
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pass. When this has been done, the horizontal axis through the correctors and the 
compass makes an angle with the athwartship axis of the compass. a 

After a compass has been adjusted, any remaining constant deviation due to 
magnetic coefficient A is likely to be very small. If such deviation exists, its cause is 
likely to be chiefly mechanical. If a compass is used primarily for determining the 
heading (as a steering compass), all constant deviation can be removed by realignment 
of the binnacle so as to rotate the lubber’s line by the required amount. However, if a 
compass is to be used for observing bearings or azimuths, only the mechanical A-error 
should be removed in this manner. This is because such readings are taken on the face 
of the card itself, and are therefore not affected by misalignment of the lubber’s line. 
The two components of constant deviation can be separated in the following manner: 
Measure the deviation on various headings by means of bearings or azimuths (art. 1428). 
This includes only magnetic coefficient A. Then measure the deviation on various 
headings by means of the lubber’s line, comparing the heading by compass with the 
magnetic heading determined 
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5 3° 724. Heeling error.—All of 
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o Note: These are approximate corrections of a standard compass. 


Different needle arrays will alter the results somewhat. refer to a vessel on an even keel. 
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now appears, or the change of 
deviation from that when the 
Ficurr 722c.—Effect of various quadrantal correctors. vessel was on an even keel, is 
called heeling error. For a con- 
stant angle of heel and a steady heading, this error remains essentially unchanged. 
However, it tends to increase as the heel becomes greater, and to reverse sign as the heel 
changes from one side to another. Therefore, if a vessel is rolling or pitching, the 
compass tends to oscillate. This increases the difficulty of reading the compass. 

The cause of heeling error is the displacement of the permanent and induced 
magnetic fields with respect to the compass. Figure 724 shows a vessel heeled to star- 
board on heading magnetic north or south, in north magnetic latitude. The vessel was 
constructed in north magnetic latitude. On an even keel the vertical parameter R 
of permanent magnetism for a centrally located compass is directly below the compass, 
with the blue pole nearer the compass. When the vessel is heeled as shown at A, the 
blue pole is to port of the compass, causing deviation toward that side. A vertical rod 
of soft iron below the compass (parameter k) exerts a similar influence, as shown at B. 
An athwartship horizontal rod through the compass has no deviating effect while the 
vessel is on an even keel, but when it heels as shown in figure 724, the vertical com- 
ponent of the earth’s field causes the port end to acquire a blue pole and the starboard 
end a red pole (parameter e), as shown at C. Each of the three causes shown in figure 724 
results in a blue pole being established on the port or high side of the vessel. This causes 


Quadrantal sphere corrections on Navy standard 
7%" compass. H=180 M. G. 
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Ficure 724.—Effect of heel. 


the red north ends of the compass magnets to be attracted to this side. If the heading 
is magnetic north, the deviation is westerly, and if magnetic south, it is easterly. This 
effect is offset somewhat by the changed magnetic field surrounding the quadrantal 
correctors. On heading magnetic east or west, these components have no deviating 
effect, but the directive force of the compass is strengthened or weakened. When the 
vessel pitches, the effects described for north-south and east-west headings are reversed. 
On a heading other than a cardinal direction (magnetic) the effect is some combination 
of the two. The magnetic situation varies not only with the heading, but also with the 
magnetic latitude and the magnetic history of the vessel. 

Although heeling error is due in part to permanent magnetism and in part to 
induced magnetism, the induced magnetism generally exerts the greater influence. The 
most effective method of neutralizing this effect would be to attack each parameter 
separately. This would require the placement of soft iron above the compass. Since this 
would not be a convenient arrangement, the condition is improved by placing a vertical 
permanent magnet, called a heeling magnet, centrally below the compass, and adjusting 
its height until the error is minimized. In north magnetic latitude, the red end is placed 
uppermost in most installations. As the vessel proceeds to lower magnetic latitudes, 
parameter f becomes less effective in producing deviation because of the stronger 
directive force due to the horizontal component of the earth’s magnetic field. Para- 
meters k and e become weaker because of decreased intensity of the vertical component 
of the earth’s field, and the strengthening of the horizontal component also reduces 
their effect. Therefore, the heeling magnet requires readjustment as the magnetic 
latitude changes. As the vessel approaches the magnetic equator, the heeling magnet 
should be lowered. After the vessel crosses the magnetic equator, it may be necessary 
to invert the heeling magnets, so that the opposite end is uppermost. A change in the 
setting of the heeling magnet may introduce deviation on headings of compass east or 
west because of altered induction between the heeling magnet and the Flinders bar. 
This should be removed by means of the fore-and-aft (6) magnets in the trays below 
the compass. 

If adjustment for heeling error is made when the vessel-is tied up or at anchor, 
it is best done by listing the vessel on a northerly or southerly heading, and adjusting 
the heeling magnet until the reading of the compass is restored to what it was before 
the vessel heeled. If the adjustment is made at sea, the vessel should be placed on a 
heading of compass north or south. If there is little rolling, the vessel can be listed 
and the compass reading restored, as at dockside. If the vessel rolls moderately on 
this heading, the heeling magnet should be placed at that height at which oscillation 
of the compass card is minimum. [If the setting for minimum oscillation is different 
on north and south headings, the mean position should be used. Any yawing of the 
vessel should be considered when reading the compass under rolling conditions. 

The approximate position of the heeling magnet can be determined by means of 
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an instrument known as a heeling adjuster or a vertical force instrument, a form of dip 
needle. This consists of a small magnet balanced about a horizontal axis by means 
of a small adjustable weight. A scale indicates the distance of the weight from the 
axis. The instrument is taken ashore and balanced at a place where the earth’s field 
is undisturbed, the magnet being in a magnetic north-south direction, approximately. 
The instrument is then taken aboard ship, the compass removed from its binnacle, 
and the heeling adjuster installed in its place. The weight is set to a distance equal 
to the distance determined ashore, multiplied by \, the shielding factor (art. 721). 
The heeling magnet is then moved up or down until the magnet of the instrument is 
level. This should be approximately the correct setting. This method is used prin- 
cipally when the listing of a vessel is difficult or impractical. 

725. Soft iron correctors and nearby magnets.—The soft iron correctors used in com- 
pass adjustment are near enough to the compass magnets and the magnets used in 
compass adjustment to be influenced by them. 

The Flinders bar acquires a certain amount of induced magnetism from the fields 
of the heeling magnet and the fore-and-aft (B) corrector magnets. The approximate 
amount of deviation caused by induced magnetism from the heeling magnet of a 7}- 
inch compass when H=0.165 is shown in figure 725. Because of such induced mag- 
netism, the “‘drop-in’”’ method of determining the amount of Flinders bar is not accurate. 
By this method, Flinders bar lengths are added until the compass reading changes by the 
required amount. Better adjustment is achieved by using the required amount of Flin- 
ders bar and removing any remaining deviation on east-west headings by means of the fore- 
and-aft magnets. The principal reason that it is preferable to use a larger number of 
magnets at a distance from the compass than a smaller number near it, is that the former 
arrangement produces less induced magnetism in the Flinders bar and quadrantal correc- 
tors. If the Flinders bar length is changed, the deviation on headings of magnetic east 
and west should be checked, and any needed adjustment made by means of fore-and-aft 
magnets. When all correctors have been put in place, their positions relative to each 
other are constant. Therefore, the Flinders bar acts as a permanent magnet, and the 
resulting deviation is semicircular (coefficient B). The Flinders bar may also intro- 
duce a small amount of quadrantal deviation (coefficient D), its action being somewhat 
like that of a quadrantal corrector placed in the fore-and-aft axis of the compass. 


DEVIATION 


POSITION OF HEELING MAGNET 


Figure 725.—Deviation due to inductive effect of heeling magnet on Flinders bar. 
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The quadrantal correctors acquire induced magnetism from the fields of the fore- 


and-aft (B) magnets, the athwartship (C) magnets, and the compass magnets. The 


magnetism acquired from the B and C magnets is semicircular (coefficient B from the 
B magnets, and coefficient C from the C magnets), and that acquired from the field of 
the compass magnets is quadrantal (coefficient D). The semicircular deviation is 
minimized by keeping the B and C magnets as far away from the quadrantal correctors 
as practicable, and any deviation that does exist is removed by means of these magnets. 
The quadrantal deviation is removed by means of the quadrantal correctors themselves. 
The compass magnets of most modern compasses have little effect upon the quadrantal 
correctors. 

Because of the interaction between the various correctors, it is good practice to 
insert the required amount of Flinders bar, and to install the quadrantal correctors 
and heeling magnet at their approximate positions before adjusting the compass. If 
a radical change is subsequently made in any of these adjustments, the settings of the 
B and C magnets should be checked and altered if necessary. 


Analysis of Deviation 


726. Nature and purpose of analysis.—An analysis consists of determining the 
approximate value of each of the six coefficients, and studying the results. The purpose 
of the analysis is to give the compass adjuster an understanding of the magnetic prop- 
erties of the vessel. This provides the basis for the approximate placement of the 
various correctors, and suggests possibilities for further refinement in the adjustment. 
Without an analysis, compass adjustment is a more-or-less mechanical process. Fewer 
mistakes are likely to be made by the person who understands the nature of the magnetic 
field he seeks to neutralize. 

727. The analysis.—The first step in an analysis is to record the deviation on each 
cardinal and intercardinal heading by the compass to be analyzed. For the purpose of 
analysis, easterly deviation is considered positive (+), and westerly deviation negative 
(—). Approximate values of the various coefficients are: 

Coefficient A—mean of deviation on all headings. 

Coefficient B—mean of deviation on headings 090° and 270°, with sign at 270° 
reversed. 

Coefficient C—mean of deviation on headings 000° and 180°, with sign at 180° 
reversed. 

Coefficient D—mean of deviation on intercardinal headings, with signs at headings 
135° and 315° reversed. 

Coefficient E—mean of deviation on cardinal headings, with signs at 090° and 270° 
reversed. 

Coefficient J—change of deviation for a heel of 1° while the vessel heads 000° by 
compass. It is considered positive if the north end of the compass card is drawn 
toward the low side, and negative if toward the high side. 

Example.—A magnetic compass which has not been adjusted has deviation on 
cardinal and intercardinal compass headings as follows: 


Compass heading Deviation Compass heading Deviation 
000° 1°95 W 180° 8°0 E 
045° 34°0 E 225. 1°5 W 
090° ol a0 1G LOY 29°0 W 
135° 1325 EB S1o. 36°0 W 


On heading compass north the deviation is 13°5 W when the vessel heels 10° to star- 


board. 
Required —The approximate value of each coefficient. 
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Answers.—A (+) 2°83, B (+) 30°0, C(—) 4°8, D (+) 13°8, B (4+) 1°1, J (—) 1°2. 


On any compass heading (CH) the 
alone is: 
Coefficient A: 
Coefficient B: 
Coefficient C: 
Coefficient D: 
Coefficient E: 
Coefficient J: 


deviation (d) from each coefficient acting 


dal 

Gpe= Daslinue EF 
dc=C cos CH 
dp=D sin 2CH 
dz=F cos 2CH 
d;=J cos CH. 


For a vessel on an even keel, the total deviation on any compass heading is the algebraic 
sum of the deviation due to each of the first five coefficients: 


d=dy+dg+dce+dp+dz=A+B sin CH+C cos CH+ D sin 2CH+£ cos 2CH. 


For the compass of the example given above, the deviation due to each component, 


and the total, on various headings is: 


CH A B C D E d 
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258 +23 | +290 |) 41.2 46.94 he 10 oe 

Oh oa 0.0 OO dniartal — 28. 

285 1 378) ogg i eet e8 =69 Nee TsO 35 8 
300°: 2. 3 de" 2226;-0 lh 22 4-dee 10 (a Og leary 
31D, 953" 0 oT, eae aa ee 0.0.1 —36,1 
330°°} 2.3 1 27570 "| = 24 9) Toe ay Gielen 
345. |) 2913 —7.8ulh 4.6 =26; Cane 2. 0. 1650 


COMPASS ERROR - h9] 
COMPASS HEADINGS 


000° 045° 090° 1358 180° 22% 270° 315° 360° 


40° E 


Total Deviation 


Coefficient A 
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Coefficient C 
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Ficurt 727.—Coefficients and total deviation of an unadjusted magnetic compass. 


The various components and the total deviation are shown in graphical form 
in figure 727. Since the various coefficients are only approximated by the method 
given above, the curve of total deviation found in this way should not be expected to 
coincide exactly with a curve drawn from values found by measurement on the various 
headings. 

The shapes of the curves of figure 727 are typical of those of an unadjusted compass 
of a large steel ship. However, an analysis of the results indicates the following: 

Coefficient A is normally negligible. The presence of more than 2° of constant 
error indicates an abnormal condition which should be discovered and corrected. If 
the vessel has been in service for some time without major structural change, and no 
misalignment of the lubber’s line of the compass or the pelorus or gyro compass used 
for measuring deviation has been noted previously, it is probable that a mistake has 
been made in determining the azimuth or bearing used for establishing deviation. 

Coefficient E is normally negligible for a compass located on the center line of the 
vessel. This vessel has an excessive amount, which should be corrected by slewing the 


quadrantal correctors, using an /-link. 
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Since deviation is east on heading 090° and west on 000°, it is probable that the 
blue pole of the vessel’s permanent field is on the port bow. 

The compass being unadjusted, no Flinders bar is in place, and the large B de- 
viation on heading 090° is a combination of deviation from induced magnetism in 
vertical soft iron and that due to the permanent magnetism of the vessel. Since the 
deviation on heading 270° is nearly the same as that on 090°, but of opposite sign, ad- 
justment on one of these headings should result in nearly correct adjustment on the 
other. Since some B and C deviation occurs on intercardinal headings, while no D 
deviation occurs on cardinal headings, adjustment for B and C should be made before 
that for final D adjustment. 

A second analysis made after adjustment may reveal possibilities for further 
refinement in the adjustment. 

If heeling error is measured on any heading other than compass north or south, 
the value of coefficient J can be found by means of the formula: 


d=J cos CH 
d 
converted to Jr nT 
or J=d sec CH. 


If HE is the total observed change of deviation (heeling error), and 7 is the angle of 
heel in degrees (for relatively small angles), the formula becomes 


as HE sec CH 


7 
If heeling error is sought, the formula becomes 
HE=Ji cos CH. 


Adjustment Procedure 


728. Preliminary steps.—Efficient and accurate adjustment is preceded by cer- 
tain preliminary steps best made while a vessel is tied up or at anchor. 

The magnetic environment of the compass should be carefully inspected. Stray 
magnetic influences such as those caused by tools, direct current electric appliances, 
personal equipment (such as keys, pocketknives, or steel belt buckles), nylon clothing, 
ete., should be eliminated. Permanently installed equipment of magnetic material 
(such as cargo booms, boat davits, cranes, or guns) should be placed in the positions 
they normally occupy at sea. The degaussing coils should be secured by the revers- 
Ing process (art. 743) if this has not already been done. 

The compass itself should be checked carefully for bubbles, and to be sure it is 
centered on the vertical axis of the binnacle. If it is, and the vessel is on an even keel 
there is no change of reading as the heeling magnet is raised and lowered in its tube, 
An adjustment should be made to the gimbal rings if the compass is off center. There 
should be no play in the position of the compass once it is centered. 

The lubber’s line, too, should be checked to be sure it is in line with the longitudinal 
axis of the vessel. This can be done by sighting on the jackstaff if the compass is on the 
center line. If it is not, a batten might be erected at a distance from the center line 
equal to the distance from the center of the compass to the center line. Another way 
is to determine the distance from the compass to the center line and from this point to 
the jackstaff. The first distance divided by the second is the natural tangent of the 
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angle at the compass between the line of sight to the jackstaff and the line of sight 
through the lubber’s line. If the compass is in an exposed position where bearings can 
be taken, and the true heading is known, the observed relative bearing of a distant 
object can be compared with that obtained by careful measurement on the chart. If 
the vessel is at anchor or underway, the method explained in article 723 can be used. 

If a pelorus or gyro compass or repeater is to be used in determining deviation of 
the compass, its lubber’s line should be checked in the same manner, or by comparing 
a relative bearing of a distant object taken by two instruments, the lubber’s line of 
one having previously been checked. If a gyro compass is to be used, it is checked to 
see that it is synchronized with a repeater. With accurate synchronization, any 
error in one will also be present in the other. The speed and latitude adjustments of 
_ the gyro compass should be checked carefully. 

All devices to be used in the adjustment should be checked to see that they are on 
hand and in good condition. The trays for B and C permanent magnets, the quad- 
rantal correctors, and heeling magnet should be checked for freedom of motion. The 
Flinders bar and quadrantal correctors should be checked for permanent magnetism. 
The correct amount of Flinders bar should be placed in its tube. The quadrantal 
correctors should be placed in their approximate positions, being centered if no better 
information is available. The heeling magnet is generally placed with the red end 
uppermost in north magnetic latitude, and the blue end uppermost in south magnetic 
latitude. If no better information is available, the heeling magnet should be placed 
near the bottom of the tube. 

Plans for the actual adjustment should be made carefully. A suitable time and 
location should be selected. If landmarks are to be used, suitable ones should be 
selected to provide the information desired. Areas of heavy traffic should be avoided. 
If azimuths of the sun are to be used, a time should be selected when the sun will not 
be too high in the sky for suitable observation. A curve of magnetic azimuths (art. 
731) should be made, and just before adjustment begins a comparing watch should be 
checked and set, if possible, to correct time. Local variation should be checked care- 
fully, and corrected for date, if necessary. Any necessary recording and work forms 
should be made up. Each person to participate in the adjustment should be instructed 
regarding the general plan and his specific duties. 

729. Underway procedure.—When everything is in order and the vessel has ar- 
rived at its adjusting area, final adjustment can begin. Trim should be normal, and 
the vessel free from list, so that no heeling error is present. 

All adjustment headings should be magnetic. Compass headings can be used, 
but this results in a slight turn being required every time an adjustment is altered. 
Also, the coefficients are not completely separated unless the vessel is on magnetic 
headings. 

Turns to each new heading should be made slowly, swinging slightly beyond the 
desired heading before steadying on it. If steering is by gyro, the gyro error should 
be checked on each heading if time and facilities permit. The vessel should remain 
on each heading for at least two minutes before the deviation is determined or an 
adjustment made, to permit the compass card to come to rest and the magnetic condi- 
tion of the vessel to become settled. If observations are made before the vessel’s 
magnetism becomes settled, the reading will be incorrect by an amount called the 
Gaussin error. 

Adjustments should be carried out in the correct order, as follows: 

1. Steady on magnetic heading 090° (or 270°) and adjust the fore-and-aft perma- 
nent magnets until the compass heading coincides with the magnetic heading, thus 
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removing all coefficient B on this heading. Use magnets in pairs, from the bottom up, 
with the trays at the lowest point of travel. When overcorrection occurs, remove the 
two highest magnets and raise the trays until all deviation has been removed. If two 
magnets overcorrect, use a single magnet. It is not necessary to determine in ad- 
vance which direction the red ends should occupy, for a mistake will be immediately 
apparent by an increase in the deviation. ft 

2. Steady on magnetic heading 180° (or 000°) and adjust the athwartship perma- 
nent magnets until the compass heading coincides with the magnetic heading, thus 
removing all coefficient C on this heading. Use the same technique as in step 1. 

3. Steady on magnetic heading 270° (090° if 270° was used in step 1) and remove 
half the deviation with the fore-and-aft magnets. 

4. Steady on magnetic heading 000° (180° if 000° was used in step 2) and remove 
half the deviation with the athwartship magnets. 

5. Steady on any intercardinal magnetic heading and adjust the position of the 
quadrantal correctors until the compass heading coincides with the magnetic heading, 
thus removing all coefficient D on this heading. Leave the quadrantal correctors at 
equal distances from the compass. 

6. Steady on either intercardinal magnetic heading 90° from that used in step 5 
and remove half the deviation by adjusting the positions of the quadrantal correctors, 
leaving them at equal distances from the compass. 

7. Secure all correctors in their final positions and record their number, size, posi- 
tions, and orientation, as appropriate, on the bottom of the deviation table form (if a 
standard form such as that shown in fig. 710 is used). 

8. Swing ship for residual deviation. That is, determine the remaining deviation 
on a number of headings at approximately equal intervals. Every 15° is preferable, 
but if the maximum deviation is small, every 45° (cardinal and intercardinal headings) 
may suffice. 

9. If the vessel has degaussing, energize the degaussing coils and repeat the 
swing. 

10. Make a deviation table (art. 710) for each condition (degaussing off and on), 
giving values for headings at 15° intervals if the maximum deviation is large (more than 
about 2°), or at 45° intervals if the maximum deviation is small. Record values to the 
nearest half degree. 

If preferred, the adjustment may be started on a north or south heading, thus 
reversing steps 1 and 2 and also 3 and 4. 

With patience and skill, the readings can be made at exact headings. However, 
if some of the headings are off slightly during the swing, this need not invalidate the 
results. The exact headings should be recorded, and the deviation determined for 
these values. The results can then be plotted on cross-section paper with the deviation 
being one coordinate and the heading the other. The deviation at each heading to be 
recorded can then be read from the curve. This is good practice even when readings 
are made at exact headings, for if any large errors have been made, the fact will be 
immediately apparent. Also, such a curve may be of assistance in making an analysis. 
If a reason cannot be found for any marked irregularity in the curve, readings might be 
made again at the headings involved. 

The deviation of all compasses aboard the vessel can be determined from a single 
swing if the heading by each compass is recorded at the moment the magnetic direction 
is noted. If deviation of one compass is determined by means of a magnetic bearing or 
azimuth (arts. 733-735), the readings of this compass can then be used to establish the 
magnetic headings for determining the deviation of each other compass (art. 732). 
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Compass adjustment is best made when the sea is relatively smooth, so that steady 
headings can be steered, and heeling error is absent. The setting of the heeling magnet 
can be checked later, preferably at the next time that the vessel is on a north or south 
heading and rolling moderately. 

An analysis of deviation can be made either before or after adjustment. If this 
reveals an excessive amount of A (constant) deviation, the source of the error should 
be found and corrected (art. 723), if mechanical or mathematical. If an appreciable 
amount of H deviation is present, H-links should be used and the spheres slewed. This 
is particularly to be anticipated for compasses which are not on the center line. 

The procedure outlined above is for initial adjustment aboard a new or radically 
modified vessel. Deviation on the heading being used for navigation should be checked 
from time to time and any important differences from the values shown on the deviation 
table should be investigated. At sea, it is good practice to compare the magnetic and 
gyro compasses at intervals not exceeding halfan hour. The error of one or both of these 
compasses should be checked twice a day when means are available. In pilot waters 
deviation checks should be made as convenient opportunities present themselves. 

Whenever there is reason to question the accuracy of the deviation table, the ship 
should be swung at the first opportunity and a new table made up if there are significant 
changes in the old one. Suitable occasions for swinging ship would be after a deviation 
check indicates a significant error or after any event that might result in changes in the 
magnetic field of the vessel (art. 712). Intervals of swing should not exceed three 
months even when there is no reason to question the accuracy of the deviation table. 

If a swing indicates the presence of large maximum deviation, the compass should 
be readjusted. Unless there is reason to change it, the Flinders bar length should remain 
the same. Other adjustments are altered as needed, none of the correctors being re- 
moved at the beginning of adjustment. Whenever the vessel crosses the magnetic 
equator, the opportunity should be used to check the deviation on magnetic headings 
east and west. Any adjustment needed should be made by means of the fore-and-aft 
(B) magnets. Upon crossing the magnetic equator, the heeling magnet should be 
inverted. 

The Flinders bar and quadrantal correctors should be checked for permanent 
magnetism at intervals of about a year, or oftener if such magnetism is suspected. 


Finding the Deviation 


730. Placing a vessel on a desired magnetic heading.—As indicated in article 729, 
compass adjustment is best made with the vessel on magnetic headings. The compass 
being adjusted cannot be used for placing the vessel on a desired magnetic heading 
because its deviation is unknown, and is subject to change during the process of adjust- 
ment. A number of methods are available, including use of (1) another magnetic 
compass of known deviation, (2) a gyro compass, (3) bearing of a distant object, and 
(4) azimuth (art. 1428) of a celestial body. 

Magnetic compass. The deviation at the desired magnetic heading is determined 
from the deviation table for that compass, and applied to the magnetic heading to 
determine the equivalent compass heading. 

Example 1.—It is desired to place a vessel on magnetic heading east, using the 
standard compass. The deviation table for this compass is shown in figure 710. 
Degaussing is off. 

Required.— Heading per standard compass (psc). 

Solution.—From figure 710 the deviation on heading 090° magnetic with degaussing 
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off is found to be 2°5E. Therefore, the equivalent compass heading is 090°—2°5= 
087°5. 

Answer.—Hpsc 087°5. 

Gyro compass. ‘The variation is applied to the desired magnetic heading, to deter- 
mine the equivalent true heading. Any gyro error is then applied to determine the 
equivalent gyro heading. This is the method commonly used by vessels equipped with 
a reliable gyro compass. 

Example 2.—It is desired to place a vessel on magnetic heading north, using the 
gyro compass. The variation in this area is 6° W, and the gyro error is 1° E. 

Required.—Heading per gyro compass (pgc). 

Solution.—The equivalent true heading is 000°—6°=354°. The gyro heading is 
354° — 1°=353°. 

Answer.—Hpge 353°. 

Bearing of distant object. If a vessel remains within a small area during compass 
adjustment, the bearing of a distant object is essentially constant. The required 
distance of the object in miles is found by multiplying the cotangent of the maximum 
tolerable error by the radius in miles of the maneuvering circle. Thus, if the maximum 
error that can be tolerated is 0°5 (cotangent 114.6), and the vessel can be maneuvered 
within 200 yards (0.1 mile) of a fixed position such as a buoy, the object selected should 
be at least 114.6X0.1=11.5 miles away. The 200-yard limit is within radial lines 
centered at the distant object and tangent to a circle having a radius of 200 yards and 
its center at the center of the maneuvering area. Thus, a vessel has considerable 
maneuvering space along the line of sight, but very limited room across this line. How- 
ever, it is not necessary that the vessel stay within the required area, but only that it 
be there when readings are made. Thus, if the center of the area is marked by a buoy, 
the vessel might steady on each heading while still some distance away, and note the 
required readings as the buoy is passed. In this way, a small radius may be practical 
even for a large vessel. 

The object selected should be conspicuous and should have a clearly defined 
feature of small visible width upon which to observe bearings. The object having been 
selected, its true bearing from the center of the maneuvering area should be measured 
on the chart. To this, the variation at the center of the maneuvering area should be 
applied to determine the equivalent magnetic bearing. The desired magnetic heading 
should be set at the lubber’s line of the pelorus, and the far vane set at the magnetic 
bearing of the distant object. The vessel should then be maneuvered until the object 
is in line with the vanes. 

Example 3.—It is desired to place a vessel on magnetic heading northeast in an 
area where the variation is 4°E. The true bearing of a distant object is 219°. 

Required.—The setting of the pelorus. 

Solution.—Set 045° at the lubber’s line, and set the far vane at 219°—4°=215°. 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
bearing, 170° (magnetic bearing minus desired magnetic heading). If a gyro repeater or 
a Magnetic compass is used instead of a pelorus, the true (or magnetic) bearing should 
be converted to the equivalent gyro (or compass) bearing. 

If the distant object selected is not charted, or the position of the vessel is not 
known accurately, the approximate magnetic bearing of the object can be determined 
by measuring its compass bearing on each cardinal and intercardinal compass heading, 
and finding the mean of these readings. The value so determined will be incorrect 
by the amount of any constant deviation (coefficient A). 

Example 4.—The compass bearings of a distant object are as shown below. 
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Required.—The magnetic bearing of the object, assuming no constant deviation 


(coefficient A). 


Solution.— 

CH CB 

° ° 

000 324. 8 
045 320. 7 
090 S286 
SS 306. 8 
180 304. 9 
WPS) 310.8 
270 316. 2 
315 320. 0 


ae 
£5 

bd 
Wo 
— 
H> OD 
& OO 


Answer.—MB 314°6. 

Azimuth of celestial body. The true azimuth of the celestial body selected should 
be computed (arts. 2125-2127) for the time of observation. The magnetic variation 
should then be applied to determine the equivalent magnetic azimuth. The desired 
magnetic heading should then be set at the lubber’s line of the pelorus, and the far 
vane set at the magnetic azimuth of the celestial body. The vessel should then be 
maneuvered until the body is in line with the vanes. 

Example 5.—It is desired to place a vessel on magnetic heading west in an area 
where the variation is 17° W, and at a time when the computed true azimuth of the 
sun is 098°. 

Required.—The setting of the pelorus. 

Solution.—Set 270° at the lubber’s line, and set the far vane at 098°-+17°=115°. 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
azimuth (magnetic azimuth minus desired magnetic heading). If a gyro repeater or 
a magnetic compass is used instead of a pelorus, the true (or magnetic) azimuth should 
be converted to the equivalent gyro (or compass) azimuth. 

731. Curve of magnetic azimuths.—During the course of compass adjustment 
and swinging ship, a magnetic direction is needed many times, either to place the 
vessel on desired magnetic headings or to determine the deviation of the compass 
being adjusted. If a celestial body is used to provide the magnetic reference, the 
azimuth is continually changing as the earth rotates on its axis. Frequent and numerous 
computations can be avoided by preparing, in advance, a table or curve of magnetic 
azimuths. True azimuths at frequent intervals are computed by any of the methods 
of computation discussed in chapters XX and XXI. The variation at the center of 
the maneuvering area is then applied to determine the equivalent magnetic azimuths. 
These are plotted on cross-section paper, with time as the other argument, using any 
convenient scale. <A curve is then faired through the points. 

Points at intervals of half an hour (with a minimum of-three) are usually sufficient 
unless the body is near the celestial meridian and relatively high in the sky, when 
additional points are needed. If the body crosses the celestial meridian, the direction 
of curvature of the line reverses. 

Unless extreme accuracy is required, the Greenwich hour angle and declination 
can be determined for the approximate mid time, the same value of declination used 
for all computations, and the Greenwich hour angle considered to increase 15° per hour. 

An illustration of a curve of magnetic azimuths of the sun is shown in figure 731. 
This curve is for the period 0700-0900 zone time on May 31, 1958, at latitude 23°09'5 N, 
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Figure 731.—Curve of magnetic azimuths. 
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longitude 82°24'1 W, about a mile north of Battery No. 5, Havana, Cuba. The 
variation in this area is 2°47’ E. At the midtime, the meridian angle of the sun is 
66°46°9 KE, and the declination is 21°53/3 N. -Azimuths were computed by H.O. 
Pub. No. 260 (art. 2126) at half-hour intervals, as follows: 


! ‘y Magnetic 
Zone time Meridian angle Declination Latitude azimuth 
° , i ih ° ° omen, 

0700 81 46.9 BE (5 27.1 E) 21.9 N 23.2 N 069 39 
0730 74 16.9 E (4 57.1 E) 21.9N 23.2 °N" O11 of 
0800 66 46.9 E (4 27.1 E) 21.9 N 23.2 N 074 06 
0830 59 16.9 E (8 57.1 E) 21.9 N 23.2 N 076 08 
0900 51 46.9 E (8 27.1 E) 21.9N 23.2 N™ 078 07 


This curve was constructed on the assumption that the vessel would remain in 
approximately the same location during the period of adjustment and swing. If the 
position changes materially, this should be considered in the computation. 

732. Deviation by magnetic headings.—If{ the vessel is placed on a magnetic 
heading by any of the methods of article 730, compass deviation on that heading is the 
difference between the magnetic heading and the compass heading. If the compass 
heading is less than the magnetic heading, deviation is easterly, if the compass heading 
is greater than the magnetic heading, deviation is westerly. 

Example.—A vessel is being maneuvered to determine the deviation of the magnetic 
steering compass on cardinal and intercardinal headings. The gyro compass, which 
has an error of 0°5 W, is used for placing the vessel on each of the magnetic headings. 
Variation in the area is 27°5E. 

Required.—Deviation on each magnetic heading, using the compass headings 
given below: 

Solution.— 

MH Vv 5b GE Hpgc CH Dev. 


000 27.5 E 027.5 0.5W 028 060.3 0.3 W 
045 27.5 E 072.5 0.5 W 073 046.1 1.1 W 
090 27.5 E 117.5 0.5 W 118 093.6 3.6 W 
135 27.5 E 162.5 0.5 W 163 136.7 ey yv. 
180 27.5 E 207.5 0.5 W 208 179.6 0.4 KE 
225 27.5 E 252.5 0.5W 253 223.8 1.2 E 
270 27.5 E 297.5 OS WwW 298 266.5 3.5 E 
315 27.5 E 342.5 0.5 W . 343 313.2 1.8 E 


733. Deviation by magnetic bearing or azimuth.—Deviation can be found by 
comparing a magnetic bearing or azimuth with one measured by compass. The 
magnetic direction can be obtained as explained in articles 730-731. If the compass 
direction is less than the magnetic direction, deviation is easterly; if the compass direc- 
tion is greater than the magnetic direction, deviation is westerly. This method is 
used for determining deviation on a given compass heading. The equivalent magnetic 
heading can be determined by applying the deviation thus determined. If this method 
is used for swinging ship, the values can be plotted as explained in article 729. Fora 
well-adjusted compass, the deviation may be so small that the compass headings can be 
considered magnetic headings, without introducing significant errors. ; 

Ezample.—The standard compass of a vessel has been adjusted, and the vessel is 
to be swung for residual deviation during the period and for the place for which the 
curve of magnetic azimuths of figure 731 has been constructed. 


200 COMPASS ERROR 


Required.—Find the deviation on each heading given below, at the times indicated. 


Solution.— 

CH Time Cin MZn Deviation 
° h m 8 ° ° ° 
000 ¢ 30 20 073.2 072.4 0.8 W 
045 7 41 12 074.0 072.8 1.2W 
090 COUR 074.2 073.4 0.8 W 
135 7 57 36 074.0 073.9 0.1 W 
180 8 04 44 073.8 074.4 0.7E 
225 8 10 10 073.5 074.8 1.3E 
270 8 16 33 074.3 075.2 0.9E 
315 8 24 51 075.8 075.7 0.1 W 


The magnetic azimuth (MZn) is determined from figure 731, and the deviation from 
compass azimuth (CZn) and magnetic azimuth. 

734. Deviation by a range is a special case of deviation by magnetic bearing. 
Two objects appearing in line, one behind the other, constitute a range. Range 
markers are established in many places to mark important channels, the extremities 
of measured miles, etc. In addition, numerous good ranges occur naturally, as when 
a lighthouse is in line with a tank, or a tower with a chimney. The true direction 
of such a range can be determined by measurement on the chart, and variation applied 
to determine the equivalent magnetic direction. In the case of a natural range, the 
objects should preferably be at least an inch apart as they appear on the chart, to 
minimize any plotting errors. 

A range is superior to the bearing of a single object because it provides a critical 
indication of when the vessel is in the correct position to take a reading. The vessel 
crosses the range on various compass headings. At each crossing, the compass bearing 
of the range is observed, and also the compass heading. It is well to use two ranges 
nearly 90° apart, if available, because of the difficulty of crossing at small angles. 

Example.—A vessel maneuvering to adjust its compass in the Lower Bay of New 
York Harbor finds the true direction of the range between West Bank Light and 
Coney Island Light to be 032°. The variation in this area is 11°2W. The vessel steams 
across the range on various compass headings, noting the compass direction of the range 
at the times of crossing, as shown below. 

Required.—The deviation on each compass heading indicated. 

Solution.—The magnetic bearing of the range is 032°+1192=043°2. 


CH MB Range CB Range Deviation 
° fe} ° 


oO 


000 043.2 032.9 10.3 E 
045 043.2 023.7 19.5 E 
090 043.2 031.9 11,3 E 
135 043.2 044.2 1.0 W 
180 043.2 048.5 5.3 W 
225 043.2 051.0 7.8 W 
270 043.2 055.6 12.4 W 
315 043.2 049.8 6.6 W 


The analysis of these results (art. 727) indicates a constant error of 1°0E. The 


mean compass bearing is 042°2, differing from the correct magnetic bearing by the 
amount of the constant error. 


Ranges are widely used to check the deviation on the heading in use as a vessel 
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proceeds through pilot waters. In this manner several checks can be made without 
advance preparation as a vessel enters or leaves port. 

735. Deviation by reciprocal bearings.—Another method of using magnetic bear- 
ings is by means of a compass on the beach. This method is particularly useful when 
no suitable distant object or range is available, or where it may not be practical to 
remain close to a given bearing line. 

A reliable compass is taken ashore to a location which is free from magnetic dis- 
turbance. If the location is not marked by a conspicuous object, such as a beacon, 
flagpole, prominent tree, etc., a temporary marker should be erected. A staff with 
a flag or bunting should be adequate. The marker should be of sufficient size and nature 
to be conspicuous at the vessel. At suitable visual or radio signals from the vessel, 
bearings are observed simultaneously aboard the vessel and ashore. The bearings of 
the vessel observed by the shore compass are magnetic. The reciprocals of these can 
be considered magnetic bearings of the shore station from the vessel. The bearings 
measured aboard the vessel are compass bearings. The difference is deviation. To 
avoid confusion in the sequence of bearings, the time of each bearing is recorded. 
Timepieces should be synchronized before the start of observations. 

Example.—Simultaneous bearings are observed by a shore compass and the 
standard compass aboard a vessel, as shown below. 

Required.—The deviation of the standard compass on each heading. 


Solution.— 
MB of MB of shore CB of shore 
CH Time vessel position position Deviation 
000 1112 307 127 130 10 W 
045 1120 309 129 131 2 W 
090 1126 312 132 130 2E 
135 1018 296 116 113 3 E 
180 1029 295 114 109 6 EK 
225 1039 288 108 096 12.05 
270 1052 288 108 113 5 W 
315 1104 289 109 115 6 W 


mean 118 118 


The analysis of these results indicates no constant deviation. This is further in- 
dicated by the fact that the means of the bearings aboard and ashore are equal. 


Adjustment by Deflector 


736. Principles involved.—As indicated in article 713, the magnetic field of a 
vessel causes deviation of a magnetic compass, and also alters its directive force, 
strengthening it on some headings and weakening it on others. The purpose of com- 
pass adjustment is to neutralize the effect of the vessel’s magnetic field on the compass. 
If this is done completely, all deviation is removed, and the directive force is the same 
on all headings. The usual procedure, described earlier in this chapter, is to adjust by 
reducing or eliminating the deviation. By the deflector method, the various correctors 
are adjusted until the directive force is the same on all cardinal headings. Deviation 
is then a minimum. 

The relative directive force on various headings is determined by means of an in- 
strument called a deflector. Actual measurement is of the setting of the instrument 
when the compass card has been rotated or “deflected” through 90° under certain 
standard conditions. The units are arbitrary ‘deflector units” which are used only 


for comparison with readings on other headings. 
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The deflector method provides a quick adjustment with only four headings being 
needed, without need for bearings, azimuths, or comparison with other compasses. It 
is easy to use. However, it is not as thorough as the method described in article 729, 
and should not be used when the usual method is available. The deflector method 
makes no provision for determination of coefficient A (art. 716), the amount of Flinders 
bar needed, the setting of the heeling magnet, or the residual deviation. Coefficient 
E can be determined, but is usually ignored. The method has never been popular in 
the United States. It offers little or no advantage for a vessel equipped with a reliable 
gyro compass. 

737. Adjustment by deflector.——The preliminary steps of adjustment are the 
same as indicated in article 728, omitting those relating to peloruses and other com- 
passes. Preparations having been completed, the adjustment should be carried out as 
follows: 

1. Steady on heading 000° (or 180°) by the compass being adjusted. Note the 
heading by another compass and keep the vessel on this heading, steering by means of 
the second compass. Put the deflector in place over the first compass, and deflect 
the compass card 90°. Record the reading on the deflector scale, and remove the 
deflector. 

2. Steady on heading 090° (or 270°) by the compass being adjusted, and follow 
the procedure of step 1. 

3. Steady on heading 180° (000° if 180° was used in step 1) by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 000° and 180°. 
Adjust the fore-and-aft permanent magnets until the deflection is 90°. This corrects 
for coefficient B, and the deflector readings on compass headings 000° and 180° should 
now be the same. Remove the deflector. 

4. Steady on heading 270° (090° if 270° was used in step 2) by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 090° and 270°. 
Adjust the athwartship permanent magnets until the deflection is 90°. This corrects 
for coefficient C, and the deflector readings on compass headings 090° and 180° should 
now be the same. 

5. Without changing the heading, set the deflector to the mean of the N-S and 
E-W means. Adjust the quadrantal correctors until the deflection is 90°. This cor- 
rects for coefficient D, and the deflector readings on all cardinal headings should be the 
same. Remove the deflector. 

Adjustment is now complete. It can be checked by repeating the five steps, a 
procedure which is particularly recommended if the difference between deflector 
readings on opposite headings is more than ten units. If means are available, and time 
permits, the vessel should be swung for residual deviation. If preferred, a heading of 
east or west can be used, reversing steps 1 and 2 and also steps 3 and 4. 

This method is particularly useful when a quick adjustment is needed following 
some change that affects the magnetic environment of the compass. 

738. The Kelvin deflector was developed in Great Britain by Sir William Thomson 
(Lord Kelvin). It consists essentially of two permanent magnets hinged like a pair 
of dividers, with opposite poles at the hinge. The magnets are mounted vertically over 
the center of the compass, with the hinged end on top. The separation of the lower 
ends can be varied by means of a screw. The amount of separation, indicated by a 
scale and vernier drums, is the reading used in the adjustment. 

The deflecting force increases as the separation becomes greater. When the 
deflector is in place over the compass, the blue pole is in line with the north (red) end 
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of the compass magnets, as indicated by a pointer. As the deflecting magnets are ro- 
tated around the vertical axis of the instrument, the compass card rotates in the same 
direction, but at a slower rate. The separation is adjusted until the rotation of the 
instrument is 170° when the deflection of the compass card is 90°. These are the 
standard conditions under which readings are made. 

The Kelvin type deflector, which provides adjustment to an accuracy of 2° to 3°, 
is used on many British merchant vessels. Deflectors are seldom used on British 
Navy vessels. 

739. The De Colong deflector was developed in Russia, and is standard equipment 
on naval vessels of the USSR. It provides an accuracy of 0°5 to 1°0. Essentially, 
this instrument consists of two horizontal magnets which are perpendicular to each 
other. The small magnet is held in a fixed position close to the compass card. The 
large magnet is mounted in a small tray which can be moved up and down along a 
vertical spindle mounted over the center of the compass. The red end of this magnet 
is placed toward the north. When it is positioned so that the directive force is exactly 
neutralized, the small magnet causes the compass card to be deflected 90°. The 
height of the large magnet is the deflector reading, the scale being on the vertical 
spindle, and the index on the movable tray. 

Provision is made for mounting the large magnet vertically, to measure the vertical 
force of the magnetic field at the compass. A separate scale is provided for this purpose. 
Additional magnets are generally provided for use near the magnetic equator, where the 
vertical intensity is very small. 

In practice, a separate deflector is provided for each compass, and they are not 
interchangeable. By the addition of an auxiliary scale, the instrument could be made 
usable for any compass. 


Degaussing Compensation 


740. Degaussing.—As indicated in article 712, a steel vessel has a certain amount 
of permanent magnetism in its “hard” iron, and induced magnetism in its ‘“‘soft’’ iron. 
Whenever two or more magnetic fields occupy the.same space, the total field is the vector 
sum (art. 018) of the individual fields. Thus, within the effective region of the field 
of a vessel, the total field is the combined total of the earth’s field and that due to the 
vessel. Consequently, the field due to earth’s magnetism alone is altered or distorted 
due to the field of the vessel. This is indicated by a tendency of the lines of force to 
crowd into the metal of the vessel (art. 703), as shown in figure 741a. 

Certain mines and other explosive devices are designed to be triggered by the 
magnetic influence of a vessel passing near them. It is therefore desirable to 
reduce to a practical minimum the magnetic field of a vessel. One method of doing 
this is to neutralize each component by means of an electromagnetic field produced by 
direct current of electricity in electric cables installed so as to form coils around the 
vessel. A unit sometimes used for measuring the strength of a magnetic field is the 
gauss. The reduction of the strength of a magnetic field decreases the number of gauss 
in that field. Hence, the process is one of degaussing the vessel. 

When a vessel’s degaussing coils are energized, the magnetic field of the vessel is 
completely altered. This introduces large deviation in the magnetic compasses. 
This is removed, as nearly as practicable, by introducing at each compass an equal 
and opposite force of the same type—one caused by direct current in a coil—for each 
component of the field due to the degaussing currents. This is called compass com- 
pensation. When there is a possibility of confusion with compass adjustment to 
neutralize the effects of the natural magnetism of the vessel, the expression degaussing 
compensation is used. Since the neutralization may not be perfect, a small amount 
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of deviation due to degaussing may remain on certain headings. This is the reason 
for swinging ship twice—once with degaussing off and once with it on—and having 
two separate columns in the deviation table (fig. 710). 

741. A vessel’s magnetic signature.—A simplified diagram of the distortion of the 
earth’s magnetic field in the vicinity of a steel vessel is shown in figure 741a. The 
strength of the field is indicated by the spacing of the lines, being stronger as the lines 
are closer together. If a vessel passes over a device for detecting and recording the 
strength of the magnetic field, a certain pattern is traced, as shown in figure 741b. 
Since the magnetic field of each vessel is different, each has a distinctive trace, known 
as its magnetic signature. The simplified signature shown in figure 741b is one that 
might result from an uncomplicated field such as that shown in figure 741a. 

Several degaussing stations have been established to determine magnetic signatures 
and recommend the currents needed in the various degaussing coils. Since a vessel’s 
induced magnetism varies with heading and magnetic latitude, the current settings of 
the coils which neutralize induced magnetism need to be changed to suit the conditions. 
A “degaussing folder’ is provided each vessel to indicate the changes, and to give 
other pertinent information. 

A vessel’s permanent magnetism changes somewhat with time and the magnetic 
history of the vessel. Therefore, the information given in the degaussing folder should 
be checked from time to time by a return to the magnetic station. 

742. Degaussing coils.—For degaussing purposes, the total field of the vessel is 
divided into three components: (1) vertical, (2) horizontal fore-and-aft, and (3) hori- 
zontal athwartships. The positive directions are considered downward, forward, and 
to port, respectively. These are the normal directions for a vessel headed north or 
east in north latitude. Each component is opposed by a separate degaussing field just 
strong enough to neutralize it. Ideally, when this has been done, the earth’s field 
passes through the vessel smoothly and without distortion. The opposing degaussing 
fields are produced by direct current flowing in coils of wire. Each of the degaussing 
coils is placed so that the field it produces is directed to oppose one component of the 
ship’s field. 

The number of coils installed depends upon the magnetic characteristics of the 
vessel, and the degree of safety desired. The ship’s permanent and induced magnetism 
may be neutralized separately so that control of induced magnetism can be varied as 
heading and latitude change, without disturbing the fields opposing the vessel’s perma- 
nent field. The principal coils employed are the following: 

Main (M) coil. The M-coil is placed horizontal, and completely encircles the 
vessel, usually at or near the water line. Its function is to oppose the vertical compo- 
nent of the vessel’s permanent and induced fields combined. Generally the induced 
field predominates. Current in the M/-coil is varied or reversed according to the change 
of the induced component of the vertical field with latitude. 

Forecastle (F) and quarterdeck (Q) coils. The F- and Q-coils are placed horizontal 
just below the forward and after thirds (or quarters), respectively, of the weather deck. 
The designation “Q” for quarterdeck is reminiscent of the days before World War II 
when the “quarterdeck”’ of naval vessels was aft along the ship’s quarter. These coils, 
in which current can be individually adjusted, remove much of the fore-and-aft compo- 
nent of the ship’s permanent and induced fields. More commonly, the combined F- 
and @-coils consist of two parts; one part the FP- and QP-coils, to take care of the 
ete cee RARE BE ar as a the other part, the FJ- and QI-coils, to neutralize 
ield. ener ally, the forward and after coils of each type are 

aay In series, forming a split-coil installation and designated FP-PQ coils and 
-QT coils. Current in the FP-QP coils is generally constant, but in the FJ-QJ coils 
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FicurE 741a.—Simplified diagram of distortion of earth’s magnetic field in the vicinity of a steel 
vessel. 
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Ficure 741b.—Simplified signature of vessel of figure 741a. 
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is varied according to the heading and magnetic latitude of the vessel. In split-coil 
installations, the coil designations are often contracted to P-coil and I-coil. 

Longitudinal (L) coil. Better control of the fore-and-aft components, but at greater 
installation expense, is provided by placing a series of vertical, athwartships coils along 
the length of the ship. It is the field, not the coils, which is longitudinal. Current in 
an L-coil is varied as with the F'J-Q/ coils. It is maximum on north and south head- 
ings, and zero on east and west headings. j 

Athwartship (A) coil. The A-coil is in a vertical fore-and-aft plane, thus producing 
a horizontal athwartship field which neutralizes the athwartship component of the 
vessel’s field. In most vessels, this component of the permanent field is small and can 
be ignored. Since the A-coil neutralizes the induced field, primarily, the current is 
changed with magnetic latitude and with heading, being maximum on east or west 
headings, and zero on north or south headings. 

The strength and direction of the current in each coil is indicated and adjusted 
at a control panel which is normally accessible to the navigator. Current may be 
controlled directly by rheostats at the control panel or remotely by push buttons which 
operate rheostats in the engine room. 

Since degaussing fields oppose the vessel’s fields, the positive directions of the 
degaussing fields are upward, aft, and to starboard. For positive fields in M, F, FT, 
FP, Q, QI, and QP coils, current flows forward on the starboard side of the vessel; 
and the north end of a small compass placed above any of these coils is deflected out- 
board. For a positive field in the Z-coil, current flows upward on the starboard side, 
and the north end of a compass is deflected aft when placed below an upper, athwart- 
ship portion of the coil. For a positive field in the A-coil, current in the upper, fore- 
and-aft portion flows aft, and the north end of a compass is deflected to starboard 
when placed below this portion of the coil. The FJ-Q/ coils are generally connected 
so that the field in the F’J-coil is negative when that in the QJ-coil is positive. 

Appropriate values of the current in each coil are determined at a degaussing sta- 
tion, the various currents being adjusted until the vessel’s signature is made as flat 
as possible. Recommended current values and directions for all headings and mag- 
netic latitudes are set forth in the vessel’s degaussing folder. This document is nor- 
mally retained by the navigator, whose responsibility it is to see that the recom- 
mended settings are maintained whenever the degaussing system is energized. 

743. Securing the degaussing system.—Unless the degaussing system is prop- 
erly secured, residual magnetism may remain in the metal of the vessel. During de- 
gaussing compensation and at other times, as recommended in the degaussing folder, 
the “reversal’”’ method is used. The steps in the reversal process are as follows: 

1. Start with maximum degaussing current used since the system was last 
energized. 

2. Decrease current to zero and increase it in the opposite direction to the same 
value as in step 1. 

3. Decrease the current to zero and increase it to three-fourths maximum value 
in the original direction. 

4. Decrease the current to zero and increase it to one-half maximum value in 
the opposite direction. 

5. Decrease the current to zero and increase it to one-fourth maximum value in 
the original direction, 

6. Decrease the current to zero and increase it to one-eighth maximum value in 
the opposite direction. 

7. Decrease the current to zero and open switch. 
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744. Magnetic treatment of vessels.—In some instances, the degaussing can be 
made more effective by changing the magnetic characteristics of the vessel by a process 
known as deperming. Heavy cables are wound around the vessel in an athwartship 
direction, forming vertical loops around the longitudinal axis of the vessel. The loops 
are run beneath the keel, up the sides, and over the top of the weather deck at closely- 
spaced equal intervals along the entire length of the vessel. Predetermined values of 
direct current are then passed through the coils. When the desired magnetic charac- 
teristics have been acquired, the cables are removed. 

A vessel which does not have degaussing coils, or which has a degaussing system 
which is inoperative, can be given some temporary protection by a process known as 
flashing. A horizontal coil is placed around the outside of the vessel and energized 
with large predetermined values of direct current. When the vessel has acquired a 
vertical field of permanent magnetism of the correct magnitude and polarity to reduce 
to a minimum the resultant field below the vessel for the particular magnetic latitude 
involved, the cable is removed. This type protection is not as satisfactory as that 
provided by degaussing coils because it is not adjustable for various headings and 
magnetic latitudes, and also because the vessel’s magnetism slowly readjusts itself 
following treatment. 

During magnetic treatment it is a wise precaution to remove all magnetic com- 
passes and Flinders bars from the vessel. Permanent adjusting magnets and quad- 
rantal correctors are not materially affected, and need not be removed. If for any 
reason it is impractical to remove a compass, the cables used for magnetic treatment 
should be kept as far as practical from it. 

745. Degaussing compensation.—The magnetic fields created by the degaussing 
coils would render the vessel’s magnetic compasses useless unless compensated. ‘This 
is accomplished by subjecting the compass to compensating fields along three mutually 
perpendicular axes. These fields are provided by small compensating coils adjacent 
to the compass. In nearly all installations, one of these coils, the heeling coil, is hori- 
zontal and on the same plane as the compass card. Current in the heeling coil is ad- 
justed until the vertical component of the total degaussing field is neutralized. The 
other compensating coils provide horizontal fields perpendicular to each other. Cur- 
rent is varied in these coils until their resultant field is equal and opposite to the hori- 
zontal component of the degaussing field. In early installations, these horizontal fields 
were directed fore-and-aft and athwartships by placing the coils around the Flinders 
bar and the quadrantal spheres. Compactness and other advantages are gained by 
placing the coils on perpendicular axes extending 045°-225° and 315°-135° relative 
to the heading. A frequently used compensating installation, called the type ‘“K,” 
is shown in figure 745. It consists of a heeling coil extending completely around the 
top of the binnacle, four ‘Gntercardinal” coils, and three control boxes. The inter- 
cardinal coils are named for their positions relative to the compass when the vessel is 
on a heading of north, and also for the compass headings on which the current in the 
coils is adjusted to the correct amount for compensation. ~The NE-SW coils operate 
together as one set, and the NW-SE coils operate as another. One control box is 
provided for each set, and one for the heeling coil. 

The compass compensating coils are connected to the power supply of the de- 
gaussing coils, and the currents passing through the compensating coils are adjusted 
by series resistances so that the compensating field is equal to the degaussing field. 
Thus, a change in the degaussing currents is accompanied by a proportional change 
in the compensating currents. Each coil has a separate winding for each degaussing 


circuit it compensates. 
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Degaussing compensation is carried out while the vessel is moored at the ship- 
yard where the degaussing coils are installed. This is usually done by personnel of 
the yard, using the following procedure: 

1. The compass is removed from its binnacle and a dip needle is installed in its 
place. The A/-coil and heeling coil are then energized, and the current in the heeling 
coil is adjusted until the dip needle indicates the correct value for the magnetic latitude 
of the vessel. The system is then secured by the reversing process. 

2. The compass is restored to its usual position in the binnacle. By means of 
auxiliary magnets, the compass card is deflected until the compass magnets are parallel 
to one of the compensating coils 
or set of coils used to produce 
a horizontal field. The com- 
pass magnets are then perpen- 
dicular to the field produced 
by that coil. One of the de- 
gaussing circuits producing a 
horizontal field, and its com- 
pensating winding, are then 
energized, and the current in 
the compensating winding is 
adjusted until the compass 
reading returns to the value it 
had before the degaussing circuit 
was energized. The system is 
then secured by the reversing 
process. The process is re- 
peated with each additional 
circuit used to create a hori- 
zontal field. The auxiliary 
magnets are then removed. 

3. The auxiliary magnets 
are placed so that the compass 
magnets are parallel to the 
other compensating coils or set 
of coils used to produce a hori- 
zontal field. The procedure of 
step 2 is then repeated for each 
circuit producing a horizontal 
field. 

Ficure 745.—Type “K” degaussing compensation When the vessel gets under 

installation. way, it proceeds to a suitable 
maneuvering area. The vessel 
is then headed so that the compass magnets are parallel first to one compensating 
coil or set of coils and then the other, and any needed adjustment is made in the com- 
pensating circuits to reduce the error to a minimum. The vessel is then swung for 
residual deviation, first with degaussing off and then with degaussing on, and the 
correct current settings for each heading at the magnetic latitude of the vessel. From 
the values thus obtained, the “DG OFF” and “DG ON” columns of the deviation table 
(fig..710) are filled in: If the results indicate satisfactory compensation, a record is 
made of the degaussing coil settings and the resistances, voltages, and currents in the 
compensating coil circuits. The control boxes are then secured. 
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Under normal operating conditions, the settings need not be changed unless changes 
are made in the degaussing system, or unless an alteration is made in the amount of 
Flinders bar or the setting of the quadrantal correctors. However, it is possible for a 
ground to occur in the coils or control box if the circuits are not adequately protected 
from sea water or other moisture. If this occurs, it should be reflected by a change in 
deviation with degaussing on, or by a decreased installation resistance. Under these 
conditions, compensation should be carried out again. If the compass is to be needed 
with degaussing on before the ship can be returned to a shipyard where the com- 
pensation can be made by experienced personnel, the compensation should be made at 
sea on the actual headings needed, rather than by deflection of the compass needles by 
magnets. More complete information related to this process is given in H.O. Pub. 
No. 226 and the degaussing folder. 

If a vessel has been given magnetic treatment, its magnetic properties have been 
changed. This necessitates readjustment of each magnetic compass. This is best 
delayed for several days to permit stabilization of the magnetic characteristics of the 
vessel. If this cannot be delayed, the vessel should be swung again for residual deviation 
after a few days. Degaussing compensation should not be made until after compass 
adjustment has been completed. 


Problems 


71la. Fill in the blanks in the following: 


EO V MC D CE CE 
(1) 105 15E — 5W a oe, 
(2) <=> _- — 4E 215 14E 
(3) — 12W — — 067 7W 
(4) 156 = 166 — 160 pose 
(5) 222 ~ 216 3W 22 — 
(6) 009 = 357 an = 10E 
= 2W — 6E 015 = 
(8). OL 22 210 ie 214 1W 


Answers.—(1) MC 090°, CC 095°, CE 10°E; (2) TC 229°, V 10°E, MC 219°; (3) 
ee OG0S ai G07? sol ds Src n (4), Vs kOe Wc) 6°E, CE. 4°W;.(5) V 6°E, CC.219°, 
CE 3°E; (6) V 12°, D 2° Ww, CC 359°; (7) TC 019°, MC 021°, CE 4°E; (8) TC 218°, 
V 3°E, D 4° Wi 

711b. A vessel is on course 150° by compass in an area where the variation is 19° E. 
The deviation is as shown in figure 710. Degaussing is on. 

Required.—(1) Deviation. 

(2) Compass error. 

(3) Magnetic heading. 

(4) True heading. 

Answers.—(1) D 1°E, (2) CE 20°E, (3) MH 151°, (4) TH 170°. 

711c. A vessel is on course 055° by gyro and 041° by magnetic compass. The gyro 
error is 1°W. The variation is 15° E. 

Required.—The deviation on this heading. 

Answer.—D 2°W. 

711d. A vessel is on course 177° by gyro. The gyro error is 0°5E. A beacon bears 
088° by magnetic compass in an area where variation is 11°W. The deviation is as 


shown in figure 710, degaussing off. 
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Required.—The true bearing of the beacon. 

Answer.—TB 076°. 

721a. A magnetic compass is adjusted on the magnetic equator, without any 
Flinders bar being used. The residual deviation on heading 090° magnetic is 1° EH. 
Some days later, at latitude 37° N, dip 70°, the deviation on heading 090° is 12° W. 

Required.—The length and location of Flinders bar required to restore a residual 
deviation of 1° E (using fig. 721, A) if the magnetic properties of the vessel are unchanged. 

Answer.—Fifteen inches of Flinders bar forward of the compass. 

721b. The deviation of a magnetic compass of a vessel on heading 270° magnetic 
is 2°E at Sydney, Australia (south magnetic latitude) and 12°W at Seattle, Wash. 
(north magnetic latitude). At Sydney, H=0.258 and Z=0.51. At Seattle, H=0.188 
and Z=0.53. The shielding factor is 0.9. 

Required.—The length of Flinders bar to use if (1) no Flinders bar is in place 
during observations, (2) 12 inches of Flinders bar is in place forward of the compass dur- 
ing observations. 

Answers.—(1) 8% inches (8.5 inches by computation) of Flinders bar aft of the 
compass, (2) nine inches (8.8 inches by computation) of Flinders bar forward of the 
compass. 

727. A magnetic compass which has not been adjusted has deviation on cardinal 
and intercardinal compass headings as follows: 


Compass heading Deviation Compass heading Deviation 
000 2.0 E 180 6.0 E 
045 20.5 E 225 5.6 W 
090 18.5 E 270 22.0 W 
135 8.0 E 315 23.5 W 


On heading compass north the deviation is 6°20 W when the vessel heels 7° to starboard. 

Required.—(1) The approximate value of each coefficient. 

(2) The total deviation to be expected on compass heading 300°, with the vessel 
on an even keel. 

(3) Heeling error on compass heading 060°, with a heel of 10°. 

Answers.—(1) A (+)0°5, B (+)20°2, C (—)2°0, D (+)7°6, EF (+)2°9, J (—)1°1; 
(2) d 26°0 W; (3) HE 595. 

730a. It is desired to place a vessel on magnetic heading west, using the magnetic 
steering compass. The deviation table for this compass is shown in figure 710. De- 
gaussing is on. 

Required.—Heading per steering compass (p stg c). 

Answer.—Hp stg ¢ 272°. 

730b. It is desired to place a vessel on magnetic heading south, using the gyro 
compass. The variation in this area is 12°E, and the gyro error is 0°5 E. 

Required.—Heading per gyro compass. 

Answer.—Hpge 191°5. 

730c. It is desired to place a vessel on magnetic heading southeast in an area 
where the variation is 6° W. The true bearing for a distant object is 047°. 

Required.—(1) The magnetic bearing of the object. 

(2) The relative bearing of the object when the vessel is on the desired magnetic 
heading. 

Answers.—(1) MB 053°, (2) RB 278°. 
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730d. The compass bearings of a distant object are as follows: 


CH CB CF, CB 
000 308 180 002 
045 357 225 006 
090 351 270 012 
135 353 315 009 


Required.—The magnetic bearing of the object, assuming no constant deviation 
(coefficient A). 

Answer.—MB 001°. 

730e. It is desired to place a vessel on magnetic heading east in an area where the 
variation is 13° E, and at a time when the computed true azimuth of the sun is 218°. 

Required.—(1) The magnetic azimuth of the sun. 

(2) The relative azimuth when the vessel is on the desired magnetic heading. 

(3) The azimuth by a magnetic compass having deviation as shown in figure 710 
(DG on). 

(4) The azimuth by a gyro compass having a gyro error of 1° W. 

Answers.—(1) MZn 205°, (2) RZn 115°, (3) CZn 202°, (4) Znpge 219°. 

732. A vessel is being maneuvered to determine the residual deviation of a magnetic 
compass. The gyro compass, which has an error of 1° E, is used for placing the vessel on 
the magnetic headings indicated below. Variation in the area is 7?8W. The following 
readings are obtained: 


MH CH MH CH 
000 000.0 180 180.1 
045 044.1 225 225.8 
090 088.5 270 271.4 
135 134.2 315 315.9 
Required.—Gyro heading and deviation on each magnetic heading. 
Answers .— 
MH Hpge Dev. MH Hpgc Dev. 
000 351.2 0.0 180 171.2 0.1 W 
045 036.2 0.9 E 225 216.2 0.8 W 
090 081.2 1.5 E 270 261.2 1.4 W 
135 126.2 0.8 E 315 306.2 0.9 W 


733. A vessel is being swung for residual deviation during the period and at the 
place for which the curve of magnetic azimuths of figure-731 has been constructed. 
The following readings are obtained: 


CH Time CZn CH Time CZn 
° hm 8 ° ° h m 8 ° 

000 Z MOUS 1358 180 SallGesG adores 
045 SeOig22 9 7 2:9 PINS 8 22 19 76.8 
090 8 04 55 71.9 270 Se mlm Oe. 
135 8 1101 74.0 315 ee. Cathe? 
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Required.—Deviation on each compass heading. 


Answers.— CH Deviation CH Deviation 
000 O1E 180 0.0 
045 #138 225. 12 W 
090 265 270, ..2.8 W 
135 0.9E 315 0.8W 


734, A vessel being swung for residual deviation crosses a range on various compass 
headings as indicated below, the compass bearing of the range being observed at each 
crossing. The true direction of the range is 255°. The variation in the vicinity is 24°5 E. 


CH CB CH CB 
000 230.3 180 230.6 
045 228.7 225 232.4 
090 227.4 270 233.8 
135 228.0 315 232.3 
Required.—Deviation on each compass heading. 
Answers.— 
CH Deviation CH Deviation 
000 0.2 E 180 0.1 W 
045 1.8 E 225 1.9 W 
090 3.1 E 270 3.3 W 
135 2.5 E 315 1.8 W 


735. Bearings of a vessel are taken by means of a compass ashore, and simultaneous 
bearings of the shore position are taken from the vessel, as follows: 


CB of CB of 

shore MB of shore MB of 
CH position vessel CH position vessel 
000 020 198 180 003 184 
045 013 189 225 009 194 
090 004 174 270 013 204 
135 001 172 315 017 205 


Required.—(1) Deviation on each heading. 
(2) The value of coefficient A. 


Answers.— 

(1) 
CH Deviation CH Deviation 
000 2W 180 1E 
045 4W 225 5 E 
090 10 W 270 11E 
135 9W SS 8E 


(2) Coefficient A is zero. 


CHAPTER VIII 


DEAD RECKONING 


801. Introduction.—Dead reckoning (DR) is the determination of position by 
advancing a known position for courses and distances. It is reckoning relative to 
something stationary or “dead” in the water, and hence applies to courses and speeds 
through the water. Because of leeway due to wind, inaccurate allowance for compass 
error, imperfect steering, or error in measuring speed, the actual motion through the 
water is seldom determined with complete accuracy. In addition, if the water itself 
is in motion, the course and speed over the bottom differ from those through the water. 
It is good practice to use the true course steered and the best determination of measured 
speed, which is normally speed through the water, for dead reckoning. Hence, geo- 
graphically, a dead reckoning position is an approximate one which is corrected from 
time to time as the opportunity presents itself. Although of less than the desired 
accuracy, dead reckoning is the only method by which a position can be determined 
at any time and therefore might be considered basic navigation, with all other methods 
only appendages to provide means for correcting the dead reckoning. The prudent 
navigator keeps his direction- and speed- or distance-measuring instruments in top 
condition and accurately calibrated, for his dead reckoning is no more accurate than 
his measurement of these elements. 

If a navigator can accurately assess the disturbing elements introducing geo- 
graphical errors into his dead reckoning, he can determine a better position than that 
established by dead reckoning alone. This is properly called an estimated position 
(EP). It may be established either by applying an estimated correction to a dead 
reckoning position, or by estimating the course and speed being made good over the 
bottom. The expression “dead reckoning” is sometimes applied loosely to such reckon- 
ing, but it is better practice to keep this ‘estimated reckoning” distinct from dead 
reckoning, if for no other reason than to provide a basis for evaluating the accuracy 
of one’s estimates. When good information regarding current, wind, etc., is available, 
it should be used, but the practice of applying corrections based upon information of 
uncertain accuracy is, at best, questionable, and may introduce an error. Estimates 
should be based upon judgment and experience. Positional information which is 
incomplete or of uncertain accuracy may be available to assist in making the estimate. 
However, before adequate experience is gained, one should be cautious in applying 
corrections, for the estimates of the inexperienced are often quite inaccurate. 

Dead reckoning not only provides means for continuously establishing an ap- 
proximate position, but also is of assistance in determining times of sunrise and sunset, 
the celestial bodies available for observation, the predicted availability of electronic 
aids to navigation, the suitability and interpretation of soundings for checking position, 
the predicted times of making landfalls or sighting lights, estimates of arrival times, and 
in evaluating the reliability and accuracy of position-determining information. Be- 
cause of the importance of accurate dead reckoning, a careful log is kept of all courses 
and speeds, times of all changes, and compass errors. These may be recorded directly 
in the log or first in a navigator’s notebook for later recording in the log, but whatever 
the form, a careful record is important. 

Modern navigators almost invariably keep their dead reckoning by plotting directly 
on the chart or plotting sheet, drawing lines to represent the direction and distance of 
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travel and indicating dead reckoning and estimated positions from time to time. 
This method is simple and direct. Large errors are often apparent as inconsistencies 
in an otherwise regular plot. Before the advent of power vessels, when frequent course 
and speed changes were common, and when charts were sometimes of questionable 
accuracy, it was common practice to keep the dead reckoning mathematically by one, 
or a combination, of the “sailings” (arts. 811-825). Except for great-circle sailing, 
and occasionally composite and Mercator sailings, these are of little more than historical 
interest to modern navigators, other than those of small boats. 

In determining distance run in a given time, one may find table 19 useful. Similar 
information is given in a somewhat different form in an auxiliary table in H.O. Pub. 
No. 214. 

802. Plotting position ow the chart.—A position is usually expressed in units of 
latitude and longitude, generally to the nearest 0'1, but it may be expressed as bearing 
and distance from a known position, such as a landmark or aid to navigation. 

To plot a position on a Mercator chart, or to determine the coordinates of a point 
on such a chart, proceed as follows: 

To plot a position when its latitude and longitude are known: Mark the given latitude 
on a convenient latitude scale along a meridian, being careful to note the unit of the 
smallest division on the scale. Place a straightedge at this point and parallel to a 
parallel of latitude (perpendicular to a meridian). Holding the straightedge in place, 
set one point of a pair of dividers at the given longitude on the longitude scale at 
the top or bottom of the chart (or along any parallel) and the other at a convenient 
printed meridian. Without changing the spread of the dividers, place one point on 
the same printed meridian at the edge of the straightedge, and the second point at the 
edge of the straightedge in the direction of the given longitude. This second point is 
at the given position. Lightly prick the chart. Remove first the straightedge and 
then the dividers, watching the point to be sure of identifying it. Make a dot at the 
point, enclose it with a small circle or square as appropriate (art. 805), and label it. 
If the dividers are set to the correct spread for longitude before the latitude is marked, 
one point of the dividers can be used to locate the latitude and place the straightedge, 
if one is careful not to disturb the setting of the dividers. 

To determine the coordinates of a point on the chart: Place a straightedge at the given 
point and parallel to a parallel of latitude. Read the latitude where the straightedge 
crosses a latitude scale. Keeping the straightedge in place, set one leg of a pair of 
dividers at the given point and the other at the intersection of the straightedge and a 
convenient printed meridian. Without changing the spread of the dividers, place one 
end on a longitude scale, at the same printed meridian, and the other point on the 
scale, in the direction of the given point. Read the longitude at this second point. 

Several variations of these procedures may suggest themselves. That method 
which seems most natural and is least likely to result in error should be used. 

803. Measuring direction on the chart.—Since the Mercator chart, commonly used 
by the marine navigator, is conformal (art. 302), directions and angles are correctly 
represented. It is customary to orient the chart with 000° (north) at the top; other 
directions are in their correct relations to north and each other. 

As an aid in measuring direction, compass roses are placed at convenient places on 
the chart or plotting sheet. A desired direction can be measured by placing a straight- 
edge along the line from the center of a compass rose to the circular graduation repre- 
senting the desired direction. The straightedge is then in the desired direction, which 
may be transferred to any other part of the chart by parallel motion, as by parallel 
rulers or two triangles (art. 603). The direction between two points is determined by 
transferring that direction to a compass rose. If a drafting machine (art. 606) or some 
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form of plotter (art. 605) or protractor (art. 604) is used, measurement can be made 
directly at the desired point, without using the compass rose. 

Measurement of direction, whether or not by compass rose, can be made at any 
convenient place on a Mercator chart, since meridians are parallel to each other and a 
line making a desired angle with any one makes the same angle with all others. Such 
a line is a rhumb line, the kind commonly used for course lines, except in polar regions. 
For direction on a chart having nonparallel meridians, measurement can be made at 
the meridian involved if the chart is conformal, or by special technique if it is not 
conformal. Explanation of the former is given in article 2511. The only nonconformal 
chart commonly used by navigators is the gnomonic, and instructions for measuring 
direction on this chart are usually given on the chart itself. 

Compass roses for both true and magnetic directions may be given. A drafting 
machine can be oriented to any reference direction—true, magnetic, compass, or erid. 
When a plotter or protractor is used for measuring an angle with respect to a 
meridian, the resulting direction is true unless other than true meridians are used. 
For most purposes of navigation it is good practice to plot true directions only, and to 
label them in true coordinates. 

804. Measuring distance on the chart.—The length of a line on a chart is usually 
measured in nautical miles, to the nearest 0.1 mile. For this purpose it is customary to 
use the latitude scale, considering one minute of latitude equal to one nautical mile. 
The error introduced by this assumption is not great over distances normally measured. 
It is maximum near the equator or geographical poles. Near the equator a ship travel- 
ing 180 miles by measurement on the chart would cover only 179 miles over the earth. 
Near the pole a run of 220 miles by chart measurement would equal 221 miles over the 
earth. 

Since the latitude scale on a Mercator chart expands with increased latitude, meas- 
urement should be made at approximately the mid latitude. For a chart covering a 
relatively small area, such as a harbor chart, this precaution is not important because 
of the slight difference in scale over the chart. On such charts a separate mile scale 
may be given, and it may safely be used over the entire chart. However, habit is 
strong, and mistakes can probably be avoided by always using the mid latitude. 

For long distances the line should be broken into a number of parts or legs, each 
one being measured at its mid latitude. The length of a line that should be measured 
in a single step varies with latitude, decreasing in higher latitudes. No realistic nu- 
merical value can be given, since there are too many considerations. With experience 
a navigator determines this for himself. On the larger scale charts this is not a problem 
because the usual dividers used for this purpose will not span an excessively long 
distance. 

In measuring distance, the navigator spans with his dividers the length of the line 
to be measured and then, without altering the setting, transfers this length to the 
latitude scale, carefully noting the graduations so as to avoid an error in reading. 
This precaution is needed because of the difference from chart to chart. In measuring 
a desired length along a line, the navigator spans this length on the latitude scale 
opposite the line and then transfers his dividers to the line, without changing the setting. 
For a long line the navigator sets his dividers to some convenient distance and steps 
off the line, counting the number of steps, multiplying this by the length of the step, 
and adding any remainder. If the line extends over a sufficient spread of latitude to 
make scale difference a factor, he resets his dividers to the scale for the approximate 
mid latitude of each leg. The distance so measured is the length of the rhumb line. 

For measuring distance on a nearly-constant-scale chart, such as the Lambert 
conformal, the mid-latitude precaution is usually unnecessary. Such charts generally 
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have a mile scale independent of the latitude scale. On a gnomonic chart a special 
procedure is needed, and this is usually explained on the chart. 

805. Plotting and labeling the course line and positions.—Course is the intended 
horizontal direction of travel. A course line is a line extending in the direction of the 
course. From a known position of the ship the course line is drawn in the direction 
indicated by the course. It is good practice to label all lines and points of significance 
as they are drawn, for an unlabeled line or point can easily be misinterpreted later. 
Any simple, clear, logical, unambiguous system of labels is suitable. The following 
is widely used and might well be considered standard. 

Label a course line with direction and speed. Above the course line place a capital 
© followed by three figures to indicate the course steered. It is customary to label 
and steer courses to the nearest whole degree, although they are generally computed to 
the nearest 0°1. The course label should indicate true direction, starting with 000° at 
true north and increasing clockwise through 360°. Below the course line, and under 
the direction label, place a capital S followed by figures representing the speed in 
knots. Since the course is always given in degrees true and the speed in knots, it is 
not necessary to indicate the units or the reference direction (fig. 805). 

A point to be labeled is enclosed by a small circle in the case of a fix (an accurate 
position determined without reference to any former position) or dead reckoning 

’ position, and by a small square 
in the case of an estimated po- 


ase es sition. It is labeled with the 
& Se gs time, usually to the nearest 
Samir pots roe IG hia aaa Etna minute, and the nature of the 
S15 position (FIX, EP,DR). Time 

Figure 805.—A course line with labels. is usually expressed in four fig- 


ures without punctuation, on a 
24-hour basis (art. 1903). Zone time (art. 1907) is usually used, but Greenwich 
mean time (art. 1907) may be employed. A course line is a succession of an infinite 
number of dead reckoning positions. Only selected points are labeled. 

The labels of a line are placed along the line, and those of a point are at an angle 
to the line. 

806. Dead reckoning by plot.—As a vessel clears a harbor and proceeds out to sea, 
the navigator obtains one last good fix while identifiable landmarks are still available. 
This is called taking departure, and the position determined is called the departure. 
Piloting (ch. IX) comes to an end and the course is set for the open sea. The course 
line is drawn and labeled, and some future position is indicated as a DR position. 
The number of points selected for labeling depends primarily upon the judgment and 
individual preference of the navigator. It is good practice to label each point where 
a change of course or speed occurs. If such changes are frequent, no additional points 
need be labeled. With infrequent changes, it is good practice to label points at some 
regular interval, as every two hours. From departure, the dead reckoning plot con- 
tinues unbroken until a new well-established position is obtained, when both DR and 
fix are shown. The fix serves as the start of a new dead reckoning plot. Although 
estimated positions are shown, it is generally not good practice to begin a new DR 
at these points. 

A typical dead reckoning plot is shown in figure 806, indicating procedures both 
when there are numerous changes of course and speed and when there is a long con- 
tinuous course. It is assumed that no fix is obtained after the initial one at 0800 on 
September 8. Note that course lines are not extended beyond their limits of usefulness. 
One should keep a neat plot and leave no doubt as to the meaning of each line and 
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Figure 806.—A typical dead reckoning plot. 


marked point. A neat, accurate plot is the mark of a good navigator. The plot should 
be kept extended to some future time. A good navigator ts always ahead of his ship. 
In shoal water or when near the shore, aids to navigation, dangers, etc., it is customary 
to keep the dead reckoning plot on a chart. A chart overprinted with loran or other 
electronic position lines may be used at a considerable distance from shore. But on 
the open sea, with only dead reckoning and celestial navigation available, it is good 
practice to use a plotting sheet (art. 323). 

807. Current.—Water in essentially horizontal motion over the surface of the 
earth is called current. The direction in which the water is moving is called the set, 
and the speed is called the drift. In navigation it is customary to use the term ‘‘cur- 
rent’’ to include all factors introducing geographical error in the dead reckoning, whether 
their immediate effects are on the vessel or the water. When a fix is obtained, one as- 
sumes that the current has set from the DR position at the same time to the fix, and 
that the drift is equal to the distance in miles between these positions, divided by the 
number of hours since the last fix. This is true regardless of the number of changes 
of course or speed since the last fix. 
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If set and drift since the last fix are known, or can be estimated, a better position 
can be obtained by applying a correction to that obtained by dead reckoning. This 
is conveniently done by drawing a straight line in the direction of the set for a distance 
equal to the drift multiplied by the number of hours since the last fix, as shown in figure 
805. The direction of a straight line from the last fix to the EP is the estimated course 
made good, and the length of this line divided by the time is the estimated speed made 
good. These estimated values are sometimes called the course of advance (COA) 
and speed of advance (SOA), respectively. The course and speed actually made good 
over the ground are then called the course over the ground (COG) and speed over the 
ground (SOG), respectively. 

If a current is setting in the same direction as the course, or its reciprocal, the 
course over the ground is the same as that through the water. The effect on the speed 
can be found by simple arithmetic. If the course and set are in the same direction, 
the speeds are added; if in opposite directions, the smaller is subtracted from the larger. 
This situation is not unusual when a ship encounters a tidal current while entering or 
leaving port. If a ship is crossing a current, solution can be made graphically by 
vector diagram (arts. O17, O18) since velocity over the ground is the vector sum of 
velocity through the water and velocity of the water. Although distances can be used, 
it is generally easier to use speeds. 

Example 1.—A ship on course 080°, speed ten knots, is steaming through a current 
having an estimated set of 140° and drift of two knots. 

Required.—Estimated course and speed made good. 


Course Made Good 089 
Speed Made Good 11.2 


Figure 807a.—Finding course and speed made good through a current. 


A 


Solution (fig. 807a).—(1) From A, any convenient point, draw AB, the course and 
speed of the ship, in direction 080°, for a distance of ten miles. 

(2) From B draw BC, the set and drift of the current, in direction 140°, for a 
distance of two miles. 

(3) The direction and length of AC are the estimated course and speed made good. 
Determine these by measurement. 

Answers.—Estimated course made good 089°, estimated speed made good 11.2 kn. 

If it is required to find the course to steer at a given speed to make good a desired 
course, plot the current vector from the origin, A, instead of from B. 

Example 2.—The captain desires to make good a course of 095° through a current 
having a set of 170° and a drift of 2.5 knots, using a speed of 12 knots. 

Required.—The course to steer and the speed made good. 
‘ Solution (fig. 807b).—(1) From A, any convenient point, draw line AB extending 
in the direction of the course to be made good, 095°. 

(2) From A draw AQ, the set and drift of the current. 

(3) Using C as a center, swing an arc of radius CD, the speed through the water 
(12 knots), intersecting line AB at D. 

(4) Measure the direction of line CD, 083°5. This is the course to steer. 

(5) Measure the length AD, 12.4 knots. This is the speed made good. 
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Figure 807b.—Finding the course to steer at a given speed to make good a given 
course through a current. 


Answers.—Course to steer 083°5, speed made good 12.4 kn. 

If it is required to find the course to steer and the speed to use to make good a 
desired course and speed, proceed as follows: 

Example 3.—The captain desires to make good a course of 265° and a speed of 15 
knots through a current having a set of 185° and a drift of three knots. 

Required.—The course to steer and the speed to use. 


Course 10 Make Good 269 
Speed To Make Good 15 


Set 185 
Drift 3 


Course To Steer 276 
Speed Through Water 14.8 


i?) 


Ficure 807c.—Finding the course to steer and the speed to use to make good a given course 
and speed through a current. 


Solution (fig. 807c).—(1) From A, any convenient point, draw AB in the direction 
of the course to be made good, 265°, and for a length equal to the speed to be made 
good, 15 knots. 

(2) From A draw AC, the set and drift of the current. 

(3) Draw a straight line from C to B. The direction of this line, 276°, is the 
required course to steer; and the length, 14.8 knots, is the required speed. 

Answers.—Course to steer 276°, speed to use 14.8 kn. 

Such vector solutions can be made to any convenient scale and at any convenient 
place, such as the center of a compass rose, an unused corner of the plotting sheet, a 
separate sheet, or directly on the plot. 

808. Leeway is the leeward motion of a vessel due to wind. It may be expressed 
as distance, speed, or angular difference between course steered and course through the 
water. However expressed, its amount varies with the speed and relative direction of 
the wind, type of vessel, amount of freeboard, trim, speed of the vessel, state of the 
sea, and depth of water. If information on the amount of leeway to be expected under 
various conditions is not available for the type vessel involved, it should be determined 
by observation. When sufficient data have been collected, suitable tables or graphs 
can be made for quick and convenient estimate. The accuracy of the information 
should be checked whenever convenient, and corrections made when sufficient evidence 
indicates the need. 

Leeway is most conveniently applied by adding its effect to that of current and 
other elements introducing geographical error in the dead reckoning. It is customary 
to consider the combined effect of all such elements as current, and to make allowance 
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for this as explained in article 807. In sailing ship days it was common practice to 
consider leeway in terms of its effect upon the course only, and to apply it as a correction 
in the same manner that variation and deviation are applied. While this method has 
merit even with power vessels, it is generally considered inferior to that of considering 
leeway as part of current. 

809. Automatic dead reckoning.—Several types of devices are in use for per- 
forming automatically all or part of the dead reckoning. Perhaps the simplest is the 
automatic course recorder, which provides a graphical record of the various courses 
steered. In its usual form this device is controlled by the gyro compass, and so 
indicates gyro courses. 

Dead reckoning equipment receives inputs from the compass, usually the gyro 
compass, and a mechanical log or engine revolution counter. It determines change in 
latitude and longitude, the latter by first determining departure and then mechanically 
multiplying this by the secant of the latitude. The device is provided with counters 
on which latitude and longitude can be set. As the vessel proceeds, the changes are 
then mechanically added to or subtracted from these readings to provide a continuous, 
instantaneous indication of the dead reckoning position. The navigator or an assistant 
reads these dials at intervals, usually each hour, and records the values in a notebook. 
Most models of dead reckoning equipment are provided, also, with a tracer for keeping 
a graphical record of dead reckoning in the form of a plot by moving a pencil or pen 
across a chart or plotting sheet. This part of the device is called a dead reckoning 
tracer. Whatever the form, dead reckoning equipment is a great convenience, partic- 
ularly when a ship is maneuvering. However, such mechanical equipment is subject 
to possible failure. The prudent navigator keeps a hand plot and uses the dead reck- 
oning equipment as acheck. In navigation it is never wise to rely upon a single method 
if a second method is available as a check. 

If it were possible to measure, with complete accuracy, the direction and distance 
traveled with respect to the earth, an accurate geographical position could be known at 
all times. Several methods of doing so have been suggested, and while developments 
along these lines relate principally to aircraft and guided missiles, it is possible that 
from these or other developments may come some method suitable for shipboard use. 
The two methods most prominently suggested are (1) Doppler and (2) inertial. By the 
Doppler method one or more beams of radiant energy are directed downward at an 
angle. The return echo from the bottom is of a slightly different frequency due to the 
motion of the craft. The amount of the change, or Doppler, is proportional to the 
speed. By proper selection of beams, it is possible to measure speed in a lateral direction 
as well as in a forward direction. Distance can be determined by mechanical or elec- 
tronic integration of these measurements, and this can be converted into position. 
By the inertial method, accelerometers measure the acceleration in various directions, 
and by double integration this is converted to distance, from which position can be 
determined. Either of these methods can provide considerable accuracy over a period 
of several hours, but since the error increases with time, they are not yet suitable for 
general shipboard use over long distances. 

810. Dead reckoning by computation.— Dead reckoning involves the determina- 
tion of position by means of course and distance from a known position. A closely 
related problem is that of finding the course and distance from one point to another. 
Although both of these problems are customarily solved by plotting directly on the 
chart, it occasionally becomes desirable to solve by computation, usually by logarithms 
(arts. O10-O15) or traverse table (art. 812). The various methods of solution are 
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collectively called the sailings. Computation should be carried to the precision shown 
in the examples, even though this in some instances exceeds the usable precision, and 
sometimes the accuracy. 

811. The sailings.—In the solution of problems involved in the sailings, the 
following quantities are used: 

1. Latitude (L). The latitude of the point of departure is designated Ly; that of 
the point of arrival or the destination, L); mid latitude, Lm; latitude of the vertex of a 
great circle, L,; and latitude of any point on a great circle, Ly. 

2. Difference of latitude (1). 

3. Meridional parts (M). The meridional parts of the point of departure are 
designated M,, and of the point of arrival or the destination, Mo. 

4. Meridional difference (m). 

5. Longitude (). The longitude of the point of departure is designated ),; that 
of the point of arrival or the destination, \.; of the vertex of a great circle, \,; and of 
any point on a great circle, dx. 

6. Difference of longitude (DLo). 

7. Departure (p). 

8. Course or course angle (Cn or C). 

9. Distance (D). 

The various kinds of sailings are: 

1. Plane sailing. The earth, or that part traversed, is regarded as a plane surface. 
A single course and distance, difference of latitude, and departure are the only items 
involved. Hence, the method provides solution for latitude of the point of arrival, 
but not for longitude of this point, one of the spherical sailings being needed for this 
problem. Because of the basic assumption that the earth is flat, this method should 
not be used for distances of more than a few hundred miles. 

2. Traverse sailing combines the plane sailing solutions when there are two or 
more courses. 

3. Parallel sailing is the interconversion of departure and difference of longitude 
when a vessel is proceeding due east or due west. This was a common occurrence when 
the sailings were first employed several hundred years ago, but only an incidental 
situation now. 

4. Middle- (or mid-) latitude sailing involves the use of the mid latitude for 
converting departure to difference of longitude when the course is not due east or due 
west. 

5. Mercator sailing provides a mathematical solution of the plot as made on a 
Mercator chart. It is similar to plane sailing, but uses meridional difference and differ- 
ence of longitude in place of difference of latitude and departure, respectively. 

6. Great-circle sailing involves the solution of courses, distances, and points 
along a great circle between two points, the earth being regarded as a sphere. 

7. Composite sailing is a modification of great-circle sailing to limit the maximum 
latitude. 

In addition, meridian sailing might be added to this list to cover the special 
case of a vessel following a course of due north or due south (true). However, no 
solution is needed for this case because there is no departure or difference of longitude, 
and the distance is considered equal to the difference of latitude in minutes. The 
true course is 000° or 180°. > 

Except for great-circle sailing and the great-circle part of composite sailing, the 
various problems normally arising under the sailings can be solved (1) by plane trigo- 
nometry, either using natural functions (tab. 31) or logarithms (tabs. 32 and 33); 
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(2) by traverse table (tab. 3), or (3) graphically. For the graphical solution, cross- 
section paper is helpful. The triangle of each method is drawn, and the parts are meas- 
ured. Solution by computation is most accurate. 

In the mathematical solution of navigational problems, the use of standard work 
forms is desirable to provide orderly computations and to minimize errors. This 
subject is further discussed in appendix Q, which gives recommended forms for many 
of the common problems of navigation. 

Great-circle sailing and occasionally composite sailing and Mercator sailing are 
the only ones commonly used, except by small-boat navigators. 

812. Traverse tables, such as table 3, providing a solution for any plane right 
triangle, can be used in the solution of the usual problems encountered in any of the 
sailings except great-circlé and composite. A separate table is given for each degree 
of course if the lower line of column headings is used, and for each degree of latitude 

if the upper line of column headings is used. For 
intermediate values interpolation should be made be- 
P Po tween tables. The main part of each table involves 
solution for the various sides of a plane triangle. 
The auxiliary table to the right of each main table 
provides a tabulated solution for the course. The 
manner of using the table in specific problems is 
illustrated in the examples given in the explanations 

of the various sailings. 
813. Plane sailing.—In plane sailing the figure 
x formed by the meridian through the point of de- 
parture, the parallel through the point of arrival, and 
the course line is considered a plane right triangle. 
This is illustrated in figure 813, in which P,; and P, 
Poe are the points of departure and arrival, respectively. 
The course angle and the three sides are as labeled. 

From this triangle: 


l : p 2) 
cos C=H sin C=5 tan C=; 
Py From the first two of these formulas the following 
Ficunw $12.—The plané sailing relationships can be derived: 


triangle. : 
l=D cos C D=1 see C p=D sn C 

The usual problems solved by plane sailing are: (1) given the course and distance, 
find the difference of latitude and the departure; and (2) the reverse of this. It is good 
practice to label /, N or S, and p, E or W, to aid in identification of the quadrant of the 
course. Logarithmic and traverse table solutions are illustrated in the following 
examples: 

Example 1.—A vessel steams 188.4 miles on course 005°. 

Required.—(1) Difference of latitude, (2) departure. 

Solution.—By computation: 


D 188.4 mi. log 2.27508 log 2.27508 
C 005° lL cos 9.99834 l sin 8.94030 
(1) 1 187°7N log 2.27342 eEstEe ed 


(2) p 16.4 mi. E log 1.21538 
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By traverse table: 


id a l p 
100.0 99.6 UE 
80.0 79.7 7.0 
8.0 8.0 0.7 
0.4 0.4 0.0 
188.4 (1) 187.7N (2) 16.4E 


Example 2.—A ship has steamed 136.6 miles north and 203.1 miles west. 
Required.—(1) Course, (2) distance. 
Solution.—By computation: 


p 203.1 mi.W log 2.30771 

lL 136‘'6N log (—) 2.13545 log 2.13545 

C N56°04/6W l tan 0.17226 1 sec 0.25330 
(2) D 244.8 mi. log 2.38875 


(1) Cn 303°9 
By traverse table: 


p 203.1 mi.W log 2G 77ien ae Diese 1G049) 
1 136'6N log (—) 2.13545 100.0 183.6 178.8 
pl 1.487 log 0.17226 30.0 55.1 53.6 
C N56°1W 6.0 11.0 10.7 
(1) Cn 303°9 0.6 ie 1.1 
(2) D 244.9 mi. 7366 2508 2442 


In the solution, the navigational form (art. O11) is used, with the basic quantity 
being on the left, and related information on the same line. Thus, 2.27508 is the 
logarithm (“log”) of 188.4, and 9.99834 is the logarithmic cosine (‘0 cos’”’) of 5°. 

The labels (N, S, E, W) of 1, p, and C are determined by noting the direction of 
motion or the relative positions of the two places. 

In the solution of example 2 by traverse table, it is first necessary to solve for p+. 
If this is done by logarithms, as shown above, the solution is similar to that by compu- 
tation, with one additional step. Solution for p+/ can be made by any method, or 
course can be found as shown in the first solution, and this value used for entering the 
traverse table to determine the distance. 

The distance in the traverse table solution is found by interpolation between the 
values for 303° and 304°. 

When the course is near 090° or 270°, the solution of C to the nearest O°1 only, as by 
traverse table, may introduce a large error in distance. 

814. Traverse sailing.—A traverse is a series of courses, or a track consisting of a 
number of course lines, as might result from a sailing vessel beating into the wind. 
Traverse sailing is the finding of a single equivalent course and distance. If the effect 
of an estimated current is to be considered, the set is treated as an additional course, 
the drift times the number of hours involved being used as the distance. If direction 
and distance from some point, such as a lighthouse, other than the point of departure 
is desired, the bearing of the point of departure from the selected position is used as the 
first course and the distance between these points as the first distance. 

Solution is usually made by means of the traverse tables, the distance to the north 
or south and that to the east or west on each course being tabulated, the algebraic 
sum of difference of latitude and departure being found, and the result being converted 
to course and distance. 


224 DEAD RECKONING 


Example.—A ship steams as follows: course 158°, distance 15.5 miles; course 
Woe distance 33.7 miles; course 259°, distance 16.1 miles; course 293°, distance 39.0 
miles; course 169°, distance 40.4 miles. 

Required.—Equivalent single (1) course, (2) distance. 


Solution.—Solve for each leg as in example 1, article 813. Tabulate the answers 


as follows: 
Course Dist. N S E W 
2 mM. mi. mi. mM. Mi. 
158 15.5 14.4 5.9 
135 OW 23.8 23.8 
259 16.1 3.0 15.8 
293 39.0 G7 35.9 
169 40.4 39.7 Tf 
1H” 80.9 B37 4 ESL ve 
(1) (2) 15.2 37.4 
192.3 67.2 (AV 7/ 14.3 


Convert / 65'7S, p 14.3 mi.W to equivalent single course and distance as shown 
in example 2, article 813. 

815. Parallel sailing consists of the interconversion of departure and difference of 
longitude. It is the simplest form of spherical sailing (other than meridional sailing). 
The formulas for these transformations are: 


DLo=p sec L p=DLo cos L 


When solution is made by table 3, enter the table for the latitude and use the 
upper line of column headings. 

Example 1.—The DR latitude of a ship on course 090° is 49°40/2 N. 

Required.—The change in longitude if the ship steams for 136.4 miles. 

Solution.—By computation: 


p 136.4 mi. E log 2. 13481 
L 49°40'/2N Lsec 0. 18897 
DLo 210'8E log 2. 32378 
DLo 3°30/8E 
By traverse table: 
p DLo (49°) DLo (50°) 
100. 0 152. 4 155. 6 
30. 0 45.7 46.7 
6.0 9.1 9.3 
0. 4 0. 6 0.6 
136. 4 207. 8 212.2 


DLo for L 49°40/2 N: 210'7=3°30/7 E. 

Example 2.—The DR latitude of a ship on course 270° is 37°50/1S. 
steams on this course until the longitude changes 4°33/5W. 

Required.—The distance steamed. 

Solution — By computation: 


The ship 


DLo 273/5W log 2. 43696 
Eg37250/18 Leos 9. 89751 
p 216.0 mi.W log 2. 33447 
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By traverse table: 


DLo p (37°) Pp (38°) 
200. 0 159.7 157.6 
70. 0 55. 9 55. 2 
3.0 2.4 2.4 
0.5 0.4 0. 4 
273. 5 218.4 215.6 


pitordy 37°50 5 1522216.1 mi. W: 

The labels (E or W) of p and DLo agree with the direction of motion. 

816. Middle-latitude sailing, popularly called mid-latitude sailing, combines plane 
sailing and parallel sailing. Plane sailing is used to find difference of latitude and 
departure when course and distance are known, or vice versa. Parallel sailing is 
used to interconvert departure and difference of longitude, the middle or mean latitude 
(Lm) being used. If a course line crosses the equator, that part on each side (the 
north latitude and south latitude portions, respectively) should be. solved separately. 

This sailing, like most elements of navigation, contains certain simplifying approxi- 
mations which produce answers somewhat less accurate than those yielded by more 
rigorous solutions. For ordinary purposes, however, the results are more accurate 
than the navigation of the vessel using them. From time to time suggestions have 
been made that a correction be applied to eliminate the error introduced by assuming 
that the meridians of the point of departure and of the destination converge uniformly 
(as the two sides of a plane angle), rather than as the sine of the latitude (approximately). 
The proposed correction usually takes the form of some quantity to be added to or 
subtracted from the middle latitude to obtain a ‘‘corrected middle latitude”’ for use in 
the solution. Tables giving such a correction have been published for both spherical 
and spheroidal earths. However, the actual correction is not a simple function of the 
middle latitude and the difference of longitude, as assumed, because the basic formulas 
of the sailing are themselves based upon a sphere, rather than a spheroid. Hence, the 
use of such a correction is misleading, and may introduce more error than it eliminates. 
The use of any correction is not considered justified; if highly accurate results are re- 
quired, a different method should be used. 

Example 1.—A vessel steams 1,253.4 miles on course 070° from lat. 15°17'4 N, long. 
1517378 Kh. 

Required.—(1) Latitude and (2) longitude of the point of arrival. 


Solution.—By computation: 


D 1253.4 mi. log 3.09809 log 3.09809 
C 070° l cos 9.53405 lsin 9.97299 
1 428.7N log 2.63214 ——— 
p 1177.8 mi.E log 3.07108 
Lim 18°51'8N ~L sec 0.02397 
DLo. 1244'7E log 3.09505 
L, 15°17/4N L, 15°17'4N 
L 7°08'7N %1l 3°34'4N 
(1) Lz 22°26/1N Lm 18°51‘'8N 


dh 151°37/8E 
DLo 20°44/7E 
(2) X» 172°22/5E 
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By traverse table: 
D 
1000.0 
200.0 
50.0 
3.0 
0.4 
1253.4 
tb 74 N 
lL 7°08'6N 
(1) Lig 92292670 N 


dh, 151°37'8E 
DLo 20°45°3K 
(2) A. 172°23'1B 


Example 2.—A vessel at lat. 8°48/95S, long. 89°53/3 W is to proceed to lat. 17°06/9S, 


long. 104°51/ 6 W. 
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DLo(18°) DLo(19°) 


342.0 940.0 
68.4 187.9 
Ven 47.0 
1.0 2.8 
0.1 0.4 
428.6 1178.1 
L, 15°17/4N 
¥1 3°34/3N p 
Lm 18°51/7N 1000.0 1051.0 
100.0 105.1 
70.0 73.6 
DLo 124573 8.0 8.4 
0.1 0.1 
1178.1 1238.2 


Required.—(1) Course, (2) distance. 


Solution.—By computation: 


L, 8°48/98S 
L, 17°06/9S 
L 8°18'0S 
¥1 4°09/0S 
Lm 12°57/9S 


DLo 898'3 W 
Lm 12°57/98S 
p 875.4 mi. W 
1 498/08 
C $60°21'9 W 
(2) D 1007.1 mi. 
(1) Cn 240°4 
By traverse table: 
L, 8°48/9S 
L, 17°06/9S 
L 8°18/0S 
%1 4°09/0S 
Lm 12°57/9S 


p 875.4 mi. W 
lL 498/0S 
pl 1.758 
C $60°4 W 
(1) Cn 240°4 
(2) D 1008.5 mi. 


A, 89°53'3 W 
he 104°51'6 W 


DLo 
DLo 


log —-2.95342 
l cos 9.98878 
log 2.94220 


14°58'3 W 
898/3 W 


1058.0 
105.8 
74.0 
8.5 

0.1 
1246.4 


log (—) 2.69723 log 2.69723 
I tan 0.24497 L sec 0.30586 
log 3.00309 
A, 89°53/3 W 
A, 104°51'6 W DLo p(12°) p(13°) 
DLo 14°58‘3W 800.0 782.5 779.5 
DLo —_898/3 90.0 88.0 87.7 
8.0 7.8 7.8 
0.3 0.3 0.3 
898.3 878.6 875.3 
log 2.94221 l D(240°) D(241°) 
log (—) 2.69723 400.0 800.0 825.1 
log 0.24498 90.0 180.0 185.6 
8.0 16.0 16.5 
0.0 0.0 0.0 
498.0 996.0 1027.2 
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DLo The labels (N, S, E, W) of J, p, DLo, and C are 
determined by noting the direction of motion or the 
relative positions of the two places. 

When the course is near 090° or 270°, the solu- 
tion of C to the nearest 0°1 only, as by traverse table, 
may introduce a large error in distance. 

817. Mercator sailing problems are solved 
graphically when measurement is made on a Mercator 
chart. Graphical solution can also be made as 
shown in figure 817. The lower part is identical with 
the plane sailing triangle, figure 813. For mathe- 
matical solution the formulas of Mercator sailing are: 


tan jel 
m 


D=1 sec C 


l=D cos C DLo=m tan C 


Another formula sometimes of use is: 


_lxDLo 
eee ti 


Figure 817.—Mercator sailing 


relationships. Solution can be made by computation or by traverse 


table. 
Example 1.—A ship at lat. 32°14'7N, long. 66°28'9 W is to head for Chesapeake 
Lightship, lat. 36°58‘'7N, long. 75°42'2 W. 
Required.—(1) Course, (2) distance. 
Solution.—By computation: 


Li 32°914/7N M, 2033.3 d, 66°28/9 W 
Tie 86°58. 7. IN M, 2377.0 Ae 75°42/2 W 
lL 4°44/0N Mote DLo 9°13/3 W 
lL 284/0N DLo  553'3 W 
Die. 55323, WV log 2.74296 
m 343.7 log (—) 2.53618 
C N 58°09/1 W l tan 0.20678 lsec 0.27764 
L 284/0 N log 2.45332 
(2) D 538.2 mi. log 2.73096 
(1) Cn 301°8 
By traverse table: 
Ty 32°14 LN M, 2033.3 , 66°28'9 W 
L, 36°58/7N M, 2377.0 No. MOc42.a W. 
lL 4°44/0N Mipotoud DLo.., 9213/3,W 
lL 284/0N DLo 553/3 W 
DLo 553/3 W 2.74296 weiss D (301°) D (302°) 
Moto. 0 log (—) 2.53618 200.0 388.3 377.4 
DLo=~m 1.610 0.20678 80.0 a} 151.0 
C N 58°2 W 4.0 7.8 7.5 
(1) Cn 301°8 0.0 0.0 0.0 
(2) D 539.0 mi. 284.0 551.4 535.9 
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Example 2.—A ship at lat. 75°31/7N, long. 79°08'7W, in Baffin Bay, steams 


263.5 miles on course 155°. | 
Required.—(1) Latitude and (2) longitude of point of arrival. 
Solution.—By computation: 


D 263.5 mi. log 2.42078 
C 155° lL cos 9.95728 l tan 9.66867 
1 238/88 log 2.37806 
m 846.3 log 2.92752 
DLo 394/6E log 2.59619 
Ly .75°31/7N M, 7072.4 r, 79°08/7 W 
Lee SlOS com DLo 6°34/6E 
(1). 1927193279 N M, 6226.1 (2) v» 7223421 W 
m 846.3 
By traverse table: 
D l m DLo 
200.0 181.3 800.0 373.0 
60.0 54.4 40.0 18.6 
3.0 OA 7h 6.0 2.8 
0.5 0.5 0.6 0.3 
263.5 238.9 846.6 394.7 
ie 5o3l ON M, 7072.4 A, 79°08/7 W 
L 3°58/9S DLo 6°34/7E 
(1)iligs 11022 780N) M, 6225.8 (2) X» 72°3470 W 
m 846.6 


The labels (N, S, E, W) of J, DLo, and C are determined by noting the direction 
of motion or the relative positions of the two places. 

If the course 1s near 090° or 270°, a small error in C introduces a large error in DLo. 
The solution for C to the nearest 0°1 only, as by traverse table, may introduce a large error 
in distance vf the course is near 090° or 270°. 

818. Rhumb lines and great circles.—The principal advantage of a rhumb line 
is that it maintains constant true direction. A ship following the rhumb line between 
two places does not change true course. A rhumb line makes the same angle with all 
meridians it crosses and appears as a straight line on a Mercator chart. It is adequate 
for most purposes of navigation, bearing lines (except long ones, as those obtained by 
radio) and course lines both being plotted on a Mercator chart as rhumb lines, except 
in high latitudes. The equator and the meridians are great circles, but may be consid- 
ered special cases of the rhumb line. For any other case, the difference between the 
rhumb line and the great circle connecting two points increases (1) as the latitude 
increases, (2) as the difference of latitude between the two points decreases, and (3) as 
the difference of longitude increases. It becomes very great for two places widely 
separated on the same parallel of latitude far from the equator. 

A great circle is the intersection of the surface of a sphere and a plane through the 
center of the sphere. It is the largest circle that can be drawn on the surface of the 
sphere, and is the shortest distance, along the surface, between any two points on the 
sphere. Any two points are connected by only one great circle unless the points are 
antipodal (180° apart on the earth), and then an infinite number of great circles passes 
through them. Thus, two points on the same meridian are not joined by any great 
circle other than the meridian, unless the two points are antipodal. If they are the 
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poles, alJ meridians pass through them. Every great circle bisects every other great 
circle. Thus, except for the equator, every great circle lies half in the northern hemi- 
sphere and half in the southern hemisphere. Any two points 180° apart on a great 
circle have the same latitude numerically, but contrary names, and are 180° apart in 
longitude. The point of greatest latitude is called the vertex. For each great circle 
there is one of these in each hemisphere, 180° apart. At these points the great circle 
is tangent to a parallel of latitude, and hence its direction is due east-west. On each side 
of these vertices the direction changes progressively until the intersection with the 
equator is reached, 90° away, where the great circle crosses the equator at an angle equal 
to the latitude of the vertex. As the great circle crosses the equator, its change in 
direction reverses, again approaching east-west, which it reaches at the next vertex. 

On a Mercator chart a great circle appears as a sine curve extending equal distances 
each side of the equator. The rhumb line connecting any two points of the great 
circle on the same side of the equator is a chord of the curve, being a straight line nearer 
the equator than the great circle. Along any intersecting meridian the great circle 
crosses at a higher latitude than the rhumb line. If the two points are on opposite 
sides of the equator, the direction of curvature of the great circle relative to the rhumb 
line changes at the equator. The rhumb line and great circle may intersect each other, 
and if the points are equal distances on each side of the equator, the intersection takes 
place at the equator. 

819. Great-circle sailing is used when it is desired to take advantage of the shorter 
distance along the great circle between two points, rather than to follow the longer 
rhumb line. The arc of the great circle between the points is called the great-circle 
track. If it could be followed exactly, the destination would be dead ahead throughout 
the voyage (assuming course and heading were the same). The rhumb line appears 
the more direct route on a Mercator chart because of chart distortion. The great 
circle crosses meridians at higher latitudes, where the distance between them is less. 

The decision as to whether or not to use great-circle sailing depends upon the 
conditions. The saving in distance should be worth the additional effort, and of 
course the great circle should not cross land, or carry the vessel into dangerous waters 
or excessively high latitudes. A slight departure from the great circle or a modification 
called composite sailing (art. 825) may effect a considerable saving over the rhumb line 
track without leading the vessel into danger. If a fix indicates the vessel is a consider- 
able distance to one side of the great circle, the more desirable practice often is to 
determine a new great-circle track, rather than to return to the original one. 

Since a great circle is continuously changing direction as one proceeds along it, no 
attempt is customarily made to follow it exactly, except in polar regions (ch. XXV). 
Rather, a number of points are selected along the great circle, and rhumb lines are 
followed from point to point, taking advantage of the fact that for short distances a 
great circle and a rhumb line almost coincide. 

The number of points to use is a matter of personal preference, a large number 
of points providing closer approximation to the great circle but requiring more frequent 
change of course. As a general rule, each 5° of longitude is a convenient length. 
Legs of equal length are not provided in this way, but this is not objectionable under 
normal conditions. 

If a magnetic compass is used, the variation for the middle of the leg is usually 
used for the entire leg. In some areas the change in variation and the change in course 
due to convergence of the meridians are in opposite directions and of about the same 
magnitude. In these areas the same magnetic course can be used for relatively 
long distances. The change of deviation with change of heading may also be a 


consideration. 
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The problems of great-circle sailing can be solved by (1) chart (art. 820), (2) 
conversion angle (art. 821), (3) computation (art. 822), (4) table (art. 823), (5) graph- 
ically, or (6) mechanically. Of these, (5) and (6) are but graphical or-mechanical 
solutions of (3). They usually provide solution only for initial course and the distance, 
and are not in common use. 

820. Great-circle sailing by chart.—Problems of great-circle sailing, like those of 
rhumb line sailing, are most easily solved by plotting directly on a chart. For this 
purpose the U. S. Navy Hydrographic Office publishes a number of charts on the 
gnomonic projection (art. 317), covering the principal navigable waters of the world. 
On this projection any straight line is a great circle, but since the chart is not conformal 
(art. 302), directions and distances cannot be measured directly, as on a Mercator 
chart. An indirect method is explained on each chart. 

The usual method of using a gnomonic chart is to plot the great circle and, if it 
provides a satisfactory track, to determine a number of points along the track, using 
the latitude and longitude scales in the immediate vicinity of each point. These 
points are then transferred to a Mercator chart or plotting sheet and used as a succession 
of destinations to be reached by rhumb lines. The course and distance for each leg is 
determined by measurement on the Mercator chart or plotting sheet. This method 
is illustrated in figure 820, which shows a great circle plotted as a straight line on a 
gnomonic chart and a series of points transferred to a Mercator chart. The arrows 
represent corresponding points on the two charts. The points can be plotted directly 
on plotting sheets without the use of a small-scale chart, but the use of the chart pro- 
vides a visual check to avoid large errors, and a visual indication of the suitability of 
the track. 

Since gnomonic charts are normally used only because of their great-circle prop- 
erties, they are often popularly called great-circle charts. 


eee 68 


SAN FRA 


Ficure 820.—Transferring great-circle points from a gnomonic chart to a Mercator chart. 
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A projection on which a straight line is approximately a great circle can be used 
in place of a gnomonic chart with negligible error. If such a projection is conformal, 
as in the case of the Lambert conformal (art. 314), measurement of course and distance 
of each leg can be made directly on the chart, as explained in article 2511. 

Some great circles are shown on pilot charts and certain other charts, together 
with the great-circle distances. Where tracks are recommended on charts or in sailing 
directions, it is good practice to follow such recommendations. 

821. Great-circle sailing by conversion angle.—The direction of the great circle 
at the point of departure is called the initial great-circle course, and its direction at the 
destination is called the final great-circle course. The difference between the initial 
great-circle course and the single rhumb line course is called conversion angle. This 
is usually about half the difference between initial and final great-circle courses: 

Conversion angles for difference of longitude to 120°, sufficient for virtually all 
situations in which great-circle sailing is likely to be used by ships, are given in table 1. 
To use the table, measure the rhumb line course on a Mercator chart (or compute it 
by Mercator or mid-latitude sailing) and apply the conversion angle to find the initial 
great-circle course. The sign of the correction can 
be determined by means of the tabulation at the 
bottom of the table. With a little practice, one 
can determine the sign mentally by remembering 
that the great-circle course always lies nearer the 
pole (in the hemisphere of the point of departure) 
than the rhumb line course, except for those values 


B 


Conversion 


given in italics. P =A 
i 1 taken directl 
Thawed atthe PL yadiel ne ie i y Figure 821.—Graphical solution for 
from the table results in a course line tangent to the conversion angle. 


great circle (as plotted on a Mercator chart) and 
hence one that carries the vessel to higher latitudes than the great circle. To convert 
this to the corresponding chord, as in great-circle sailing by chart, divide the conversion 
angle by the number of legs, and subiract this value from the tabulated conversion 
angle before applying the correction to the rhumb line course. At the end of each leg 
make a new solution, using the position of the vessel as the point of departure. 

This method does not indicate the suitability of the route unless the entire solution 
is made in advance and the results plotted on a chart. 

Approximate values of conversion angle can be found by the formula: 


sin Lm tan % DLo 


tan conversion angle= 
6 cos lL 


if both points are on the same side of the equator. For small differences of latitude, 
cos 41 can be considered 1 without introducing a significant error. The tangent of 
a small angle equals, approximately, the angle itself (in radians). Therefore, for small 
values of DLo and / (up to 15° to 20°) the formula can be simplified: 


conversion angle=} DLo sin Lm. 


This formula can be solved graphically (fig. 821). Draw any line PA, and from P 
draw PB making an angle with PA equal to Lm. Along PB measure } DLo, letting 
any convenient linear unit equal 1°. From C, the point thus found, draw CD per- 
pendicular to PA. The length of CD in the units used for } DLo is the conversion 
angle in degrees. Conversion angle can also be determined by table 3, using mid 
latitude as course, 4 DLo as D, and conversion angle as p. The value found by 
formula, however solved, may not be accurate for large differences of latitude. 
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822. Great-circle sailing by computation.—In figure 822, 1 is the point of departure, 
2 the destination, P the pole nearer 1, 1XV2 the great circle through 1 and 2, V the 
vertex, and X any point on the great circle. The arcs P1, PX, PV, and P2 are the 
colatitudes of points 1, X, V, and 2, respectively. If 1 and 2 are on opposite sides of 
the equator, P2 is 90° + Ly. The length of arc 1-2 is the great-circle distance between 
1 and 2. Arcs 1-2, P1, and P2 form a spherical triangle. The angle at 1 is the initial 
great-circle course from 1 to 2, that at 2 the supplement of the final great-circle course 
(or the initial course from 2 to 1), and that at P the DLo between 1 and 2. 

Great-circle sailing by computation usually involves solution for the initial great- 
circle course; the distance; latitude and longitude, and sometimes the distance, of the 
vertex; and the latitude and longitude of various points (X) on the great circle. The 
computation for initial course and the distance involves solution of an oblique spherical 
triangle, and any method of solving such a 
triangle can be used. If 2 is the geo- 
graphical position (GP) of a celestial body 
(the point at which the body is in the 
zenith), this triangle is solved in celestial 
navigation, except that 90°—D (the alti- 
tude) is desired instead of D. The solu- 
tion for the vertex and any point X 
usually involves the solution of right 
spherical triangles. 

Although various formulas can be 
used, haversine formulas are considered 
most suitable for determining initial 
course and the distance, as these avoid 
the ambiguity that may arise through the 
use of trigonometric functions which do 
not indicate the quadrant in which the 
Ficure 822.—The navigational triangle of great- &2Swer lies. In the formulas given below, 

circle sailing. the subscripts refer to the points indi- 

cated in figure 822. All terms without 

subscripts are from 1 to 2, D, and DLo, are from 1 to V, and D,, and DLo,, are 

from V to X. Other quantities can be computed by interchanging 1 and 2 in figure 

822 and using the same formulas. The following formulas are suitable for great-circle 
sailing by computation: 


hav D = hav DLo cos L, cos L.+hav 1 
which may be written hav D = hav 6+havy / (where hav 6=hav DLo cos L, cos Ls) 
hav C = sec L, ese D [hav coL,—hav (D ~ coL,;)] 
cos L, = cos L,; sin C 
sin DLo, = cos C ese L, 
sin D, = cos L, sin DLo, 
tan L, = cos DLo,, tan L, 


Example.—A ship is proceeding from Manila to Los Angeles. The captain wishes 
to use great-circle sailing from lat. 12°45’2 N, long. 124°20/1 E, off the entrance to 
San Bernardino Strait, to lat. 33°48/8 N, long. 120°07/1 W, five miles south of Santa 
Rosa Island. 

Required.—(1) The initial great-circle course. 

(2) The great-circle distance. 


(3) The latitude and longitude of the vertex. 


DEAD RECKONING 


(4) The distance from the point of departure to the vertex. 
(5) The latitude and longitude of points at DLo intervals of 12° each side of the 
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vertex. 
Solution.— 
A, 124°20/1E D 103°05/9 
2 120°07/1 W coL, 77°14/8 
DLo 115°32'8E lL hav 9.85468 D~col, 25°5111 
Tyo 12°45 (2 N l cos 9.98915 Lsec 0.01085 
Ly, 33°48/8N l cos 9.91953 
ae el iene Lhav 9.76336 n hav 0.57991 
l 21°03‘'6N n hav 0.03340 
D 103°05'9 n hav 0.61331 l ese 0.01145 
coL, 56°11/2 n hav 0.22175 
D~coL, 25°51/1 n hav(—) 0.05004 
n hav ONT17 1 lL hav 9.23480 


(1) Cn 050°3 C N50°19/3E Lhav 9.25710 
(2) D 6185.9 mi. 
L,  12°45/2N 


C N50°19‘3E 


l cos 9.98915 Ll cos 9.98915 


Ll sin 9.88629 l cos 9.80514 


(yo tie Alot. 2IN l cos 9.87544 l ese 0.17999 
(3) A, 160°34'4W DLo, 75°05'5E Isin 9.98513 I sin 9.98513 
BE 70°28'5 lL sin 9.97428 
(4) D, 4228.5 mi. 
DLo,,z 12°00/0 24°00/0 36°00/0 48°00/0 60°00/0 72°00/0 
lcos DLo,, 9.99040 9.96073 9.90796 9.82551 9.69897 9.48998 
l tan L, 9.94457 9.94457 9.94457 9.94457 9.94457 9.94457 
1 tan Lz 9.93497 9.90530 9.85253 9.77008 9.64354 9.43455 
(5) Lz 40°43/6N 38°48/1N 35°27/2N 30°29/8N 23°45/2N 15°12'9N 
(5) Az 172°34/4W 175°25'6E 163°25/6 E 151°25/6E 139°25/6E 127°25'6E 
(5) Az 148°34/4W = 136°34'4W 124°34'4W —- — — 


Col, is always 90° — Ly. Col is 90° — L, if L, and L, are of same name, and 
90° + L, if of contrary name. 

D~ col, is always the numerical difference between D and col. 

C is labeled N or S to agree with L, and E or W to agree with DLo. This is not 
the same as in rhumb line sailings. In great-circle sailing.L, may be south of Ii, yet 
the initial course may have a northerly component. 

L, is always numerically equal to or greater than L, or Ly. 

If C is less than 90°, the nearer vertex is toward L,; but if C is greater than 90°, 
the nearer vertex is in the opposite direction. 

DLo, and D, of the nearer vertex are never greater than 90°. However, when 
L, and L» are of contrary name, the other vertex, 180° away, may be the preferable 
one to use in the solution for various points along the great circle if it is nearer the 
mid point of the great circle. 

The vertex nearer L, has the same name (N or S) as Ii. 

L, has the same name (N or S) as L, if DLo,, is less than 90°, but the opposite 
name if DLo,; is greater than 90°. 

The great circle is a symmetrical curve about the vertex. Hence, any given DLo 
can be applied to A, in both directions (E and W) to find two points having the same 
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latitude. However, if whole degrees of \, are desired, different E and W intervals are 
neéded unless \, is a whole degree or an exact half degree. 
Only those points on the portion of the great circle between the point of departure 


and destination are recorded. , 4, 
The following formulas are sometimes useful in great-circle sailing: 


sin C=sin DLo cos Ly, ese D 


This offers a simpler solution than the haversine formula, but unless L, is of the same 
name and equal to or greater than Ly, it leaves doubt as to whether C is less or greater 
than 90°. 

cos C=sin L, sin DLo, 


This offers an even simpler solution, but has the same limitations as those given above. 
Further, it requires a knowledge of the position of the vertex. It is particularly useful 
in determining the direction of the great circle at any given point along the circle. 


sin L,=sin L, cos D,, 
sin DLo,,=sec L, sin D,, 


These formulas are useful for finding points at approximately equal distances, along the 
great circle, from the vertex, should this be considered more desirable than finding points 
of equal DLo. The method of selecting the longitude (or DLo,,) and determining the 
latitude at which the great circle crosses the selected meridian provides shorter legs in 
higher latitudes and longer legs in lower latitudes, where the difference between the 
great circle and rhumb line is smaller. In using these formulas, D,, is expressed in 
degrees. If it is greater than 90° (5,400 miles), L, is of contrary name to L,, and 
DLo,, is greater than 90°. 


cos DLo,,=tan L, cot L, 


This formula is useful in determining the longitude (or DLo,z) at which the great circle 
crosses selected parallels of latitude. If L, is of contrary name to L,, DLo,, is greater 
than 90°. This formula is also used in composite sailing (art. 825). 

823. Great-circle sailing by table.—Although tables designed to facilitate the 
computations of great-circle sailing have been published, no such table is in common use 
today. However, any method of solving the astronomical triangle of celestial naviga- 
tion can be used for solving great-circle sailing problems. When such an adaptation is 
made, the point of departure replaces the assumed position of the observer, the destination 
replaces the geographical position of the body, difference of longitude replaces meridian 
angle, initial course angle replaces azimuth angle, and great-circle distance replaces 
zenith distance (90°—altitude). Therefore, any table of azimuths (if the entering 
values are meridian angle, declination, and latitude) can be used for determining initial 
great-circle course. H.O. Pubs. Nos. 208, 211, 214, 249, 260, and 261 are examples of 
tables that can be used for this purpose. Tables which provide solution for altitude, 
such as H.O. Pubs. Nos. 208, 211, 214, and 249, can be used for determining great- 
circle distance. The required distance is 90°—altitude (90°-+ negative altitudes). 

In inspection tables such as H.O. Pubs. Nos. 214, 249, 260, and 261, the given 
combination of L,;, Le, and DLo may not be tabulated. In this case reverse the name of 
I, and use 180°—DLo for entering the table. The required course angle is then 180° 
minus the tabulated azimuth, and distance is 90° plus the altitude. If neither com- 
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bination can be found, solution cannot be made by that method. By interchanging 
L, and I, one can find the supplement of the final course angle. 

Solution by table often provides a rapid approximate check, but accurate results 
usually require triple interpolation (art. P4). Inspection tables do not provide solution 
for points along the great circle, and therefore are of limited usefulness. 

An example of the use of H.O. Pub. No. 214 for great-circle sailing is given as 
example 8, near the front of each volume. 

824. Altering a great-circle track to avoid obstructions.—Great-circle sailing 
cannot be used unless the great-circle track is free from obstructions. It does not 
start until one clears the harbor and takes his departure (art. 806), and often ends near 
the entrance to the destination. However, islands, points of land, or other obstructions 
may prevent the use of great-circle sailing over the entire distance. One of the prin- 
cipal advantages of solution by great-circle chart is that the presence of any obstruc- 
tions is immediately apparent. 

Often a relatively short run by rhumb line is sufficient to reach a point from which 
the great-circle track can be followed. Where a choice is possible, the rhumb line 
selected should conform as nearly as practicable to the direct great circle. 

If the great circle crosses a small island, one or more legs may be altered slightly, 
or perhaps the drift of the vessel will be sufficient to make any planned alteration 
unnecessary. The possible use of the island in obtaining an en route fix should not be 
overlooked. If a larger obstruction is encountered, as in the case of the Aleutian 
Islands on a great circle from Seattle to Yokohama, some judgment may be needed in 
selecting the track. It may be satisfactory to follow a great circle to the vicinity of the 
obstruction, one or more rhumb lines along the edge of the obstruction, and another 
great circle to the destination. Another possible solution is the use of composite sailing 
(art. 825), and still another the use of two great circles, one from the point of departure 
to a point near the maximum latitude of unobstructed water, and the second from this 
point to the destination. 

It is sometimes desirable to alter a great-circle track to avoid unfavorable winds 
or currents. The shortest route is not always the quickest. 

Whatever the problem, a great-circle chart can be helpful in its solution. 

825. Composite sailing —When the great circle would carry a vessel to a higher 
latitude than desired, a modification of great-circle sailing, called composite sailing, 
may be used to good advantage. The composite track consists of a great circle from 
the point of departure and tangent to the limiting parallel, a course line along 
the parallel, and a great circle tangent to the limiting parallel and through the 
destination. 

Solution of composite sailing problems is most easily made by means of a great- 
circle chart. Lines from the point of departure and the destination are drawn tangent 
to the limiting parallel. The coordinates of various selected points along the composite 
track are then measured and transferred to a Mercator chart, as in great-circle sailing 
(art. 820). 

Composite sailing problems can also be solved by computation. For this purpose 
the last formula of article 822 is used: 


cos DLo,,=tan L, cot Ly. 


In the computation, the point of departure and the destination are used succes- 
sively as point X. 

Ezxample.—A ship leaves Baltimore, bound for Bordeaux (Royan), France. The 
captain desires to use composite sailing from lat. 36°57/7 N, long. 75°42‘2 W, one mile 
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south of Chesapeake Lightship, to lat. 45°39/1 N, long. 1°29°8 W, near the entrance to 
Grande Passe de l|’Ouest, limiting the maximum latitude to 47° N. 

Required.—(1) The longitude at which the limiting parallel is reached. (2) The 
longitude at which the limiting parallel should be left. 


Solution.— 
L, 36°57°7N l tan 9.87651 
L, 45°39/1N 1 tan 0.00988 
L, 47°00/0N lL cot 9.96966 lL cot 9.96966 
DLo,, 45°26/1E lcos 9.84617 eae 
DLo,2 17°27:0 W lL cos 9.97954 


(1) 1 30°1671 W 
(2) ry» 18°56/8 W 

Composite sailing applies only when the vertex lies between the point of departure 
and the destination. 

The remainder of the problem is one of solving the two great circles by great- 
circle sailing and the east-west portion by parallel sailing. Since both great circles 
have vertices at the same parallel, computation for C, D, and DLo,, can be made by 
considering them parts of the same great circle with L,, L,, and L, as given and DLo= 
DLo,,+DLo,,. The total distance is the sum of the great-circle and parallel distances. 
In finding }, be careful to apply DLo,, to the correct vertex and in the correct direction. 


Problems 


806a. Draw a small area plotting sheet by either method explained in article 324, 
covering the area between latitude 32°-34°N and longitude 118°-122°W. Plot 
the following points: 


A L 33°49'1N C L 33°38'0N 
dX 120°52'0 W » 118°38'6 W 
B L 32°17/4N De ly 93223046 N 
X 121°28'0 W » 118°36'2 W 


Required.—(1) The bearings of B, CO, and D from A. 

(2) The course and distance of A, B, and C from D. 

Answers.—(1) Baz 198°5, Bac 095°5, Bap 124°; (2) Coa 304°, Dos 138.8 mi., Cos 
264°5, Dopp 145.7 mi., Cpe 358°5, Doc 67.2 mi. 

806b. Use the plot of problem 806a. A ship starts from A at 1200, and steams as 
follows: 


Time Course Speed 
nba en Sore 
1500 240° 15 kn. 
1800 240° 17 kn. 
2000 125° 20 kn. 

090° 20 kn. 
aun 015° 10 kn 
0500 : 


Plot and label the dead reckoning course line and DR positions. 

Required.—(1) The dead reckoning position of the ship at 0500. 

(2) The bearing and distance of D from the 2300 DR position. 

(3) The course and distance from the 0500 DR position to C. 

(4) Estimated time of arrival (ETA), to the nearest minute, at Cif the ship proceeds 
directly from the 0500 DR position at 20 knots. 
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Answers.—(1) 0500 DR: L 33°35/1N, d 119°35’8W; (2) B 096°, D 66.0 mi.; 
(3) C 086°, D 48.1 mi.; (4) ETA 0724. 

807a. A ship on course 120°, speed 12 knots, is steaming through a current having 
a set of 350° and a drift of 1.5 knots. 

Required.—Course and speed made good. 

Answers.—Course made good 114°, speed made good 11.1 kn. 

807b. The captain desires to make good a course of 180° through a current having 
a set of 090° and a drift of two knots, using a speed of 11 knots. 

Required.—The course to steer and the speed made good. 

Answers.—Course to steer 190°5, speed made good 10.8 kn. 

807c. The captain desires to make good a course of 325° and a speed of 20 knots 
through a current having a set of 270° and a drift of one knot. 

Required.—The course to steer and the speed to use. 

Answers.—Course to steer 327°, speed to use 19.4 kn. 

813a. A vessel steams 117.3 miles on course 214°. 

Required.—(1) Difference of latitude, (2) departure, by plane sailing. 

Answers.—(1) 1 97/258, (2) p 65.6 mi. W. 

813b. A steamer is bound for a port 173.3 miles south and 98.6 miles east of the 
vessel’s position. 

Required.—(1) Course, (2) distance, by plane sailing. 

Answers.—(1) C 150°4; (2) D 199.4 mi. by computation, 199.3 mi. by traverse table. 

814a. A ship steams as follows: course 359°, distance 28.8 miles; course 006°, 
distance 16.4 miles; course 266°, distance 4.9 miles; course 144°, distance 3.1 miles; 
course 333°, distance 35.8 miles; course 280°, distance 19.3 miles. 

Required.—(1) Course, (2) distance, by traverse sailing. 

Answers.—(1) C 33424, (2) D 86.1 mi. 

814b. A lightship bears 020°, distant 3.4 miles from a ship standing out to sea at 
a speed of 12 knots. The ship steams on the following courses for the times indicated: 
course 090° for 18", course 114° for 1"12™, course 070° for 3°45™, course 095° for 54™, 
course 050° for 36". The navigator estimates that during this entire time the ship 
has been in a current having a set of 315° and a drift of 0.5 knot. 

Required. —The bearing and distance of the estimated position from -the lightship, 
by traverse sailing. 

Answers.—B 080°3, D 73.0 mi. by computation, 73.1 mi. by traverse table. 

815a. The 1530 DR position of a ship is lat. 44°36/3N, long. 31°18'3W. The 
ship is on course 270°, speed 17 knots. 

Required.—The 2000 DR position, by parallel sailing. 

Answer.—2000 DR: L 44°36/3 N, A 33°05°7 W. 

815b. The captain of the ship of problem 815a desires to change course when the 
ship arrives at long. 38°00:0 W. 

Required —Kstimated time of arrival (ETA) at the turning point, by parallel 
sailing. 

Answer.—ETA 0819 the following day. 

816a. A vessel steams 263.3 miles on course 340° from lat. 16°3225S, long. 1°04'4 E. 

Required.—(1) Latitude and (2) longitude of the point of arrival, by middle- 
latitude sailing. 

Answer.—By computation or traverse table: (1) L, 12°24/8S(2) 0°28 .6:W. 

816b. A vessel leaves lat. 45°00/0 N, long. 150°00/0 W and arrives at lat. 38°18'7N, 


long. 137°14‘6 W. : . 
Required.—(1) Course made good, (2) distance made good, by middle-latitude 


sailing. 
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Answers.—(1) C 125°1; (2) D 698.6 mi. by computation, 697.9 mi. by traverse 
table. 

816c. A vessel is at lat. 1°08/3S, long. 175°24'5E. It steams at 13:5 knots on 
course 075° for 22°15". Twenty-four hours after that it is at lat. 0°06‘6S, long. 
174°20‘0 W. 

Required.—(1) Latitude and (2) longitude of the point of arrival after 22°15"; 
(3) course and (4) distance made good during the last 24 hours of steaming; and (5) 
course and (6) distance made good over entire period, by middle-latitude sailing. 

Answers.—(1) L 0°09'5N by computation, 0°09!4N by traverse table; (2) 
 179°45'3 W; (3) C 092°8; (4) D 325.7 mi. by computation, 338.3 mi. by traverse 
table; (5) C 084°3; (6) D 618.5 mi. by computation, 625.6 mi. by traverse table. 

817a. A ship at lat. 33253 13'S, long. 18°23/1E, leaving Cape Town, heads for 
Ambrose Lightship, lat. 40°27/1N, long. 73°49/4 W. 

Required.—(1) Course and (2) distance, by Mercator sailing. 

Answers.—(1) C 310°9; (2) D 6,811.5 mi. by computation, 6,812.8 mi. by traverse 
table. Compare these answers with those of problem 822, the great-circle sailing 
solution between the same. points. 

817b. A ship at lat. 15°03/7N, long. 151°26/8E steams 57.4 miles on course 035°. 

Required.—(1) Latitude and (2) longitude of the point of arrival, by Mercator 
sailing. 

Answers.—(1) L. 15°50'7N, \ 152°00/7 E. 

821. Point A is at lat. 35°24'2N, long. 125°02‘6W. Point B is at lat. 41°09/2N, 
long. 147°22‘6E. 

Required.—The conversion angle from A to B (1) by table 1, (2) by complete for- 
mula, (3) by construction; (4) rhumb line course by Mercator sailing; (5) initial great- 
circle course (using table 1, conversion angle); (6) chord course for first leg, if there are 
to be 17 legs (using table 1, conversion angle), 

Answers.—Conversion angle (1) 29°8, (2) 30°7, (3) 27°1, (4) Cn 274°8, (5) 
Cn 304°6, (6) Cn 302°8. 

822. A ship leaves Cape Town bound for New York City. The captain decides’ 
to use great-circle sailing from lat. 33°53/3S, long. 18°23/1 E (near Green Point Light) 
to Ambrose Lightship, lat. 40°27/1 N, long. 73°49/4 W. 

Required.—(1) The initial great-circle course. 

(2) The great-circle distance. 

(3) The latitude and longitude of both vertices. 

(4) The distance from the point of departure to each vertex. 

(5) The latitude and longitude of points on the great circle at longitude 15° E and 
at each 5° of longitude thereafter to longitude 70° W. 

Answers.—(1) C 30425. (2) D 6,762.7 mi. (3) L, 46°49/4S, \, 69°18/8 E; L,46°49/4 
N, A, 110°41/2W. (4) D 2,407.5 mi. to eastern hemisphere vertex, 8,392.5 mi. to western 
hemisphere vertex. (5) L, 33°53/3 S, A; 18°23/1E (point of departure); L, 31°52/28; 
Az 15°00/0E; L, 28°32.59;, Nz 10°00. 0 Ea, 24°4 7a Gabe 5°00/0E; L, 20°37/88, 
Xz 0°00:0; Lz 16°04'58, dz 5°00/0 W; L, 11°10/88, dz 10°00/0 W; Li, 6°01/78, d15°00/0 
W; Lz 0°43'9S, dz 20°00/0W; L, 4°35/0N, dz 25°00/0W; Lz 9°47/2N, Xz 30°00/0W: 
Lz 14°45/7N, i, 35°00/0 W; L, 19°25‘0N, dz 40°00'0 W; L, 23°41'5N, x, 45°00/0W; 
27 733) 3-N Nd 50°00‘/0W; L, 30°59'8N, dr, 55°00°0 W; L,z 34°01/7N, x, 60°00‘0 W; 
Lz 86°40°1N, dz 65°00/0 W; Liz 38°56/6N, dz 70°00/0W; Ly 40°27/1N, X» 73°49/4 W 
(destination). 

825. A ship is to steam from Valparaiso, Chile, to Wellington, New Zealand. 
The captain wishes to use composite sailing from lat. 32°58/0S, long. 71°41/2 W, off 


Punta Angeles Light, to lat. 42°00/0S, long. 175°00‘0E, near Cape Palliser, limiting 
the maximum latitude to 50°S. 
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Required.—(1) The longitude at which the limiting parallel is reached. 

(2) The longitude at which the limiting parallel should be left. 

(3) The initial great-circle course. 

(4) The total distance. 

(5) The latitude and longitude of points along the great circles at intervals of 10° 
of DLo from the vertices. 

Answers.—(1) 1 128°42'9W. (2) Ape 144°04'3 W. (3) C 230°0. (4) D 5,024.6 mi. 
(5) L, 32°58/0S, A, 71°41/2W (point of departure); L, 37°27/2S, \, 78°42/9W; Lz 
42°23'65S, A, 88°42'9W; Lz 45°54'3S, vA, 98°42'9W; L, 48°14/2S, dr, 108°42‘9W; 
L, 49°34/1S, d, 118°42'9 W; L,, 50°00/08, d,; 128°42/9 W (first vertex) ; Ly. 50°00/08, 
No2 144°04'3 W (second vertex) ; L, 49°34/1S, A, 154°04/3 W; L, 48°14/2S, A, 164°04/3 
W; Li, 45°54°35S, A; 174°04'3 W; Li, 42°23/6S, dA, 175°55!7 E; Lie 42°00/08, Az 175°00/0 
E (destination). 


CHAPTER IX 
PILOTING 


General 


901. Introduction.—On the high seas, where there is no immediate danger of 
grounding, navigation is a comparatively leisurely process. Courses and speeds are 
maintained over relatively long periods, and fixes are obtained at convenient intervals. 
Under favorable conditions a vessel might continue for several days with no positions 
other than those obtained by dead reckoning, or by estimate, and with no anxiety on 
the part of the captain or navigator. Errors in position can usually be detected and 
corrected before danger threatens. 

In the vicinity of shoal water the situation is different. Frequent or continuous 
positional information is usually essential to the safety of the vessel. An error which 
at sea may be considered small, may in pilot waters be intolerably large. Frequent 
changes of course and speed are common. The proximity of other vessels increases 
the possibility of collision. Navigation under these conditions is called piloting or 
pilotage. 

No other form of navigation requires the continuous alertness needed in piloting. 
At no other time is navigational experience and judgment so valuable. The ability 
to work rapidly and to correctly interpret all available information, always keeping 
“ahead of the vessel,’ may mean the difference between safety and disaster. 

In piloting, positions are commonly obtained by reference to nearby landmarks, 
or the bottom. Advancements in electronics have provided additional aids which are of 
particular value in piloting, and have extended the range of piloting techniques far 
to sea. 

902. Preparation for piloting.—Because the time element is often of vital im- 
portance in piloting, adequate preparation is important. Long-range preparation 
includes the acquisition of a thorough knowledge of the methods and techniques of 
piloting, and the organization and training of those who will assist in any way. This 
includes the steersman, who will be granted less tolerance in straying from the prescribed 
course than when farther offshore. 

The more immediate preparation includes a study of the charts and publications 
of the area to familiarize oneself with the channels, shoals, tides, currents, aids to 
navigation, etc. One seldom has time to seek such information once he is proceeding 
in pilot waters. The more detailed preparation required for leaving or entering port 
1s given in chapter XXIII. 

Position 


903. Lines of position.—As in electronic and celestial navigation, piloting makes 
extensive use of lines of position. Such a line is one on some point of which the vessel 
may be presumed to be located, as a result of observation or measurement. It may be 
highly reliable, or of questionable accuracy. Lines of position are of great value, but 
one should always keep in mind that they can be in error because of imperfections in 
instruments used for obtaining them and human limitations in those who use the 
instruments and utilize the results. The extent to which one can have confidence in 
various lines of position is a matter of judgment acquired from experience. 

240 
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A line of position might be a straight line (actually a part of a great circle), an 
arc of a circle, or part of some other curve such as a hyperbola (art. 034). An ap- 
propriate label should be placed on the plot of a line of position at the time it is drawn, 
to avoid possible error or confusion. A label should include all information essential 
for identification, but.no extraneous information. The labels shown in this volume are 
recommended. 

904. Bearings.—A bearing is the horizontal direction of one terrestrial point from 
another. It is usually expressed as the angular difference between a reference direction 
and the given direction. In navigation, north is generally used as the reference direc- 
tion, and angles are measured clockwise through 360°. It is customary to express all 
bearings in three digits, using preliminary zeros where needed. Thus, north is 000° 
or 360°, a direction 7° to the right of north is 007°, east is 090°, southwest is 225°, etc. 

For plotting, trwe north is used as the reference direction. A bearing measured 
from this reference is called a true bearing (TB). A magnetic, compass, or grid 
bearing (MB, CB, or GB) results from using magnetic, compass, or grid north, respec- 
tively, as the reference direction. This is similar to the designation of courses. In the 
case of bearings, however, one additional reference direction is often convenient. This 
is the heading of the ship. A bearing expressed as angular distance from the heading is 
called a relative bearing (RB). It is usually measured clockwise through 360°, but 
for some purposes it is more conveniently measured either clockwise or counterclockwise 
through 180°, and designated right or left, respectively. A relative bearing may be 
expressed in still another way, as indicated in figure 904. Except for dead ahead and 
points at 45° intervals from it, this method is used principally for indicating directions 
obtained visually, without precise measurement. An even more general indication of 
relative bearing may be given by such directions as “ahead,” “‘on the starboard bow,” 
“on the port quarter,’ “astern.’”’ The term abeam may be used as. the equivalent of 
either the general ‘‘on the beam”’ or, sometimes, the more precise “broad on the beam.” 
Degrees are sometimes used instead of points to express relative bearings by the system 
illustrated in figure 904. However, if degrees are used, a better practice is to use the 
360° or 180° system. ‘Thus, a relative bearing of “(20° forward of the port beam” is 
better expressed as ‘‘290°,” or ‘‘70° left.” 

True, magnetic, and compass bearings are interconverted by the use of variation 
and deviation, or compass error, in the same manner as courses. Interconversion of 
relative and other bearings is accomplished by means of the heading. If true heading 
is added to a relative bearing, true bearing results (RB+TH=TB). If magnetic, 
compass, or grid heading (MH, CH, GH) is added to relative bearing, the correspond- 
ing magnetic, compass, or grid bearing is obtained. 

A bearing line extending in the direction of an observed bearing of a charted object 
is one of the most widely used lines of position. If one knows that an identified 
landmark has a certain bearing from his vessel, the vessel can only be on the line at which 
such a bearing might be observed, for at any other point the bearing would be different. 
This line extends outward from the landmark, along the reciprocal of the observed 
bearing. Thus, if a lighthouse is east of a ship, that ship is west of the lighthouse. 
lf a beacon bears 156°, the observer must be on a line extending 156°+- 180°=336° 
from the beacon. Since observed bearing lines are great circles, this relationship is 
not strictly accurate, but the error is significant only where the great circle departs 
materially from the rhumb line, as in high latitudes (ch. XXV). 

Bearings are obtained by compass, gyro repeater, pelorus, alidade, radar, etc. 
One type of bearing can be obtained by eye without measurement. When two objects 
appear directly in line, one behind the other, they are said to be “in range,” and together 
they constitute a range. For accurately charted objects, a range provides the most 


beacon (customarily the higher one) appears to “open out”’ 
forward ( 
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accurate line of position obtainable, and one of the easiest to observe. Tanks, steeples, 
towers, cupolas, etc., sometimes form natural ranges. A navigator should be familiar 


with prominent ranges in his operating area, particularly those which can-be used to 


mark turning points, indicate limits of shoals, or define an approach heading or let-go 
point of the anchorage of a naval vessel. 


So useful is the range in marking a course 
that artificial ranges, usually in the form of two lighted beacons, have been installed 
in line with channels in many ports. 


A vessel proceeding along the channel has only 
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FiaurE 904.—One method of expressing relative bearings. 


to keep the beacons in range to remain in the center of the channel. 


If the farther 
(move) to the right of the 
TW lower) beacon, one knows that he is to the right of his desired course line. 
Similarly, if it opens out to the left, the vessel is off course to the left. 


the vessel, to avoid unnecessar 


Particularly, 
the landmark used. 
objects, and the desire 


It is good practice to plot only a short part of a line of position in the vicinity of 


y confusion and to reduce the chart wear by erasure. 
one should avoid the drawin 


g of lines through the chart symbol indicating 
In the case of a range, a straightedge is placed along the two 
d portion of the line is plotted. One need not know the numerical 
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value of the bearing represented by the line. However, if there is any doubt as to the 
identification of the objects observed, the measurement of the bearing should prove 
useful. 

A bearing line is labeled with the time above the line, and the bearing below the 
line. A range is labeled with the time only. 

905. Distance.—If a vessel is known to be a certain distance from an identified 
point on the chart, it must be somewhere on a circle with that point as the center and 
the distance as the radius. An arc of the circle can be drawn and labeled with the 
time above the line and the distance below the line. 

Distances are obtained by radar, range finder, stadimeter, synchronized sound and 
radio signals, synchronized air and water sounds, vertical sextant angles (table 9), etc. 
If vertical sextant angles are used, measurement should be made from the top of the 
object to the visible sea horizon, if it is available. If measurement is made to a water 
line not vertically below the top of the object, a problem may be encountered because 
distance from table 9 is to the point vertically below the top of the object, while the 
distance used for entering table 22 to determine dip short of the horizon is to the water 
line. Generally, any differences in these two distances can be determined from the 
chart. This problem may, in some cases, be avoided by decreasing the height of eye 
sufficiently to bring the horizon between the observer and the object. 

906. The fix.—A line of position, however obtained, represents a series of possible 
positions, but not a single position. However, if two simultaneous, nonparallel lines 
of position are available, the only position that satisfies the requirements of being on 
both lines at the same time is the intersection of the two lines. This point is one form 
of fix. Examples of several types of fix are given in the illustrations. In figure 906a 
a fix is obtained from two bearing lines. The fix of figure 906b is obtained by two 
distance circles. Figure 906c illustrates a fix from a range and a distance. In figure 
906d a bearing and distance of a single object are used. 

Some consideration should be given to the selection of objects to provide a fix. 
It is essential, for instance, that the objects be identified. The angle between lines of 
position is important. The ideal is 90°. If the angle is small, a slight error in measur- 


Fiaure 906a.—A fix by two bearing lines. Figure 906b.—A fix by two distances. 
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ing or plotting either line results in a relatively large error in the indicated position. 
In the case of a bearing line, nearby objects are preferable to those at a considerable 
distance, because the linear (distance) error resulting from an angular error increases 
with distance. Thus, an error of 1° represents an error of about 100 feet if the object 
is one mile distant, 1,000 feet if the object is ten miles away, and one mile if the object 
is 60 miles from the observer. 

Another consideration is the type of object. Lighthouses, spires, flagpoles, etc., 
are good objects because the point of observation is well defined. A large building, 
most nearby mountains, a point of land, etc., may leave some reasonable doubt as to 
the exact point used for observation. If a tangent is used (fig. 906a), there is a pos- 
sibility that a low spit may extend seaward from the part observed. A number of 
towers, chimneys, etc., close together require careful identification. A buoy or a 
lightship may drag anchor and be out of position. Most buoys are secured by a 
single anchor and so have a certain radius of swing as the tide, current, and wind change. 

Although two accurate nonparallel lines of position completely define a position, 
if they are taken at the same time, an element of doubt always exists as to the accuracy 
of the lines. Additional lines of position can serve as a check on those already obtained, 
and, usually, to reduce any existing error. If three lines of position cross at a common 
point, or form a small triangle, it is usually a reasonable assumption that the position is 
reliable, and defined by the center of the figure. However, this is not necessarily so, 
and one should be aware of the possibility of an erroneously indicated position. Some- 
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Ficure 906c.—A fix by a range and Figure 906d.—A fix by distance and bear- 
distance. ing of single object. 


times an error can be identified. For instance, if several fixes obtained by bearings on 
three objects produce triangles of about the same size, one might reasonably suspect 
a constant error in the observation of the bearings, particularly if the same instrument 
is used for all observations, or in the plotting of the lines. If the application of a 
constant error to all bearings results in a point, or near-point fix, the navigator is usually 
justified in applying such a correction. This situation is illustrated in figure 906e, 
where the solid lines indicate the original plot, and the broken lines indicate each line 
of position moved 3° in a clockwise direction. If different instruments are used for 
observation, one of them might be consistently in error. This might be detected by 
altering all bearings observed by that instrument by a fixed amount and producing good 
fixes. However, one seldom has time for much experimentation of this kind while 
piloting. If an error is suspected, such experiments might better be conducted while 
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Figure 906e.—Adjusting a fix for inaccurate bearings. 


at anchor or moored alongside a pier. Underway, other instruments, such as radar, 
or another method, such as that explained in article 907, might better be used. 

Lines of position obtained by observation of bearings or distances can be used 
with lines of position obtained in any other manner, as by radio direction finder, loran, 
celestial navigation, etc. If an object such as a buoy is passed close aboard, a fix is 
obtained without plotting. Similarly, there should be no doubt as to the position of a 
vessel which is observed to be midway between two channel buoys a short distance 
apart. 

907. Horizontal angles.—A fix may be obtained by means of the difference in 
bearing of several objects. If a constant error is present in the instrument used for 
measuring directions, it will not be reflected in the difference between bearings. There- 
fore, the differences may be more accurate than the bearings. Horizontal sextant 
angles, however, are usually the most accurate source of such information. 

Customarily, two angles are obtained on three objects. These angles are then 
plotted from a single point on a sheet of transparent material, or set on a mechanical 
device called a three-arm protractor (fig. 4011c) in United States usage and a station 
pointer in British terminology. The three lines or arms are then fitted to the chart 
by trial and error until all three pass through the objects used for observation. The 
observer is then at the common intersection of the three lines. This method provides 
accurate results unless the three objects lie on or near a circle which passes through 
the observer. The best way to avoid this is to select objects nearly in a straight line, 
a group with the center one nearer than the other two, or objects so widely separated 
that the angle between the two end ones approaches or exceeds 180°. 

Because of its high accuracy, this method is frequently used in hydrographic 
surveying (ch. XLI). It has fallen into virtual disuse in the ordinary course of navi- 
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gation because of the convenience and reliability of other methods. However, it may 
be used when a position of greater than normal accuracy is required, as for finding 
the position of letting go an anchor. Simultaneous angles are required for accurate 
results. These are customarily obtained by two observers, each with a sextant. Ifa 
single observer is available, he first observes the angle changing more slowly, then the 
other, and then makes a second observation of the first angle. The average of the 
two readings of the first angle is used with the second angle. 

908. Nonsimultaneous observations.—For fully accurate results, observations 
made to fix the position of a moving vessel should be made simultaneously, or nearly 
so. On a slow-moving vessel, relatively little error is introduced by making several 
observations in quick succession. A wise precaution is to observe the objects more 
nearly ahead or astern first, since these are least affected by the motion of the observer. 
For more accurate results, all readings but the last can be repeated in reverse order, 
and the mean of ‘each pair used. Thus, if three bearings (on objects A, B, and C) 
are to be used, five readings can be taken, as follows: A, B, C, B, A. The two B 
readings are averaged, and also the two A readings. The time of the C reading is 
considered the time of all readings. Approximately equal intervals should elapse 
between readings. An indication of the error introduced by not observing this precau- 
tion is the fact that at ten knots a vessel moves 1,000 feet in one minute. At 20 knots, 
this distance is doubled. If the angle between lines of position is small, and the earlier 
bearings are of objects near the beam, the position indicated by the fix might be in 
error by more than the motion of the vessel, particularly if the objects on which later 
bearings are taken are abaft those of earlier bearings. 

Sometimes it is not possible or desirable to make simultaneous or nearly simul- 
taneous observations. Such a situation may arise, for instance, when a single object 
is available for observation, or 
when all available objects are 
on nearly the same or recipro- 
cal bearings, and there is no 
means of determining distance. 
Under such conditions, a period 
of several minutes or more 
may be permitted to elapse 
between observations to provide 
lines of position crossing at suit- 
able angles. When this occurs, 
the lines can be adjusted to a 
common time to obtain a run- 
ning fix. Refer to figure 908a. 
A ship is proceeding along a 
coast on course 020°, speed 15 
knots. At 1505 lighthouse L 
bears 310°. If the line of posi- 
tion is accurate, the ship is 
somewhere on it at the time of 
observation. Ten minutes later 
the ship will have traveled 2.5 
miles in direction 020°. If the 
ship was at A at 1505, it will 
be at A’ at 1515. However, if 
Figure 908a.—Advancing a line of position. the position at 1505 was B, the 
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position at 1515 will be B’. A 
similar relationship exists be- 
tween C and C’, D and D’, E © 
and EH’, etc. Thus, if any point 
on the original line of position is 
moved a distance equal to the 
distance run, and in the direc- 
tion of the motion, aline through 
this point, parallel to the origi- 
nal line of position, represents 
all possible positions of the ship 
at the later time. This process 
is called advancing a line of 
position. The moving of a line 
back to an earlier time is called 
retiring a line of position. 

The accuracy of an ad- 
justed line of position depends 
not only upon the accuracy of 
the original line, but also upon 
the reliability of the information 
used in moving the line. A 


small error in the course made 3 ; by ‘ 

Hews ou ehlatettoct as FiacureE 908b.—Advancing a line of position with a change 
aoe of A ap hie a4 URP f in course and speed, and allowing for current. 
accuracy of a bearing line of 


an object near the beam, but 

maximum effect upon the bear- 

ing line of an object nearly ahead or astern. Conversely, the effect of an error in speed 
is maximum upon the bearing line of an object abeam. The opposite is true of circles 
of position. The best estimate of course and speed made good should be used in 
advancing or retiring a line of position. 

If there are any changes of course or speed, these should be considered, for the 
motion of the line of position should reflect as accurately as possible the motion of the 
observer between the time of observation and the time to which the line is adjusted. 
Perhaps the easiest way to do this is to measure the direction and distance between 
dead reckoning or estimated positions at the two times, and use these to adjust some 
point on the line of position. This method is shown in figure 908b. In this illustration 
allowance is made for the estimated combined effect of wind and current, this effect 
being plotted as an additional course and distance. If courses and speeds made good 
over the ground are used, the separate plotting of the wind and current effect is not 
used. In the illustration, point A is the DR position at the time of observation, and 
point B is the estimated position (the DR position adjusted for wind and current) at 
the time to which the line of position is adjusted. Line A’B’ is of the same length 
and in the same direction as line AB. 

Other techniques may be used. The position of the object observed may be ad- 
vanced or retired, and the line of position drawn in relation to the adjusted position. 
This is the most satisfactory method for a circle of position, as shown in figure 908c. 
When the position of the landmark is adjusted, the advanced line of position can be 
laid down without plotting the original line, which need be shown only if it serves a 
useful purpose. This not only eliminates part of thé work, but reduces the number of 
lines on the chart, and thereby decreases the possibility of error. Another method is 
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Figure 908c.—Advancing a circle of position. 


to draw any line, such as a perpendicular, from the dead reckoning position at the time 
of observation to the line of position. A line of the same length and in the same direc- 
tion, drawn from the DR position or EP at the time to which the line is adjusted, locates 
a point on the adjusted line, as shown in figure 908d. If a single course and speed is 
involved, common practice is to measure from the intersection of the line of position 
and the course line. If the dividers are set to the distance run between bearings 
and placed on the chart so that one point is on the first bearing line and the other point 
is on the second bearing line, and the line connecting the points is parallel to the course 
line, the points will indicate the positions of the vessel at the times of the bearings. 

An adjusted line of position is labeled the same as an unadjusted one, except that 
both the time of observation and the time to which the line is adjusted are shown, as 
in the illustrations of this article and article 909. Because of additional sources of 
error in adjusted lines of position, they are not used when satisfactory simultaneous 
lines can be obtained. 

909. The running fix.—As stated in article 908, a fix obtained by means of lines of 
position taken at different times and adjusted to a common time is called a running fix. 
In piloting, common practice is to advance earlier lines to the time of the last observation. 
Figure 909a illustrates a running fix obtained from two bearings of the same object. 
In figure 909b the ship changes course and speed between observations of two objects. 
A running fix by two circles of position is shown in figure 909c. 

When simultaneous observations are not available, a running fix may provide the 
most reliable position obtainable. The time between observations should be no longer 
ae necessary, for the uncertainty of course and distance made good increases with 

ime. 
The errors applicable to a running fix are those resulting from errors of the indi- 
vidual lines of position. However, a given error may have quite a different effect upon 
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the fix than upon the line of position. Consider, for example, the situation of an 
unknown head current. In figure 909d a ship is proceeding along a coast, on course 
250°, speed 12 knots. At 0920 lighthouse A bears 190°, and at, 0930 it bears 143°. 
If the earlier bearing line is advanced a distance of two miles (ten minutes at 12 knots) 
in the direction of the course, the running fix is as shown by the solid lines. However, 
if there is a head current of two knots, the ship is making good a speed of only ten knots, 
and in ten minutes will travel a distance of only 1% miles. If the first bearing line is 
advanced this distance, as shown by the broken line, the actual position of the ship is 
at B. This is nearer the beach than the running fiz, and therefore a dangerous situation. 
A following current gives an indication of position too far from the object. Therefore, if 
a current parallel to the course (either head or following) is suspected, a minimum 
estimate of speed made good will result in a possible margin of safety. If the second 
bearing is of a different object, a maximum estimate of speed should be made if the second 
object is on the same side and farther forward, or on the opposite side and farther aft, 
than the first object was when observed. All of these situations assume that danger 
is on the same side as the object observed first. If there is either a head or following 
current, a series of running fixes based upon a number of bearings of the same object 
will plot in a straight line parallel to the course line, as shown in figure 909e. The 
plotted line will be too close to the object observed if there is a following current, and 
too far out if there is a head current. The existence of the current will not be apparent 
unless the actual speed over the ground is known. The position of the plotted line 
relative to the dead reckoning course line is not a reliable guide. 

A current oblique to the course will result im an incorrect position, but the direction 
of the error is indeterminate. In general, the effect of a current with a strong head or 
following component is similar to that of a head or following current, respectively. The 
existence of an oblique current, but not its amount, can be detected by observing and 
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Ficure 908d.—Advancing a line of position by its relation 
to the dead reckoning. 
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Figure 909a.—A running fix by two bearings on the same 
object. 
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Fiaure 909b.—A running fix with a change of course and speed be- 
tween observations on separate landmarks. 
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FiaurE 909c.—A running fix by two circles of position. 


Fiaure 909d.—Effect of a head current on a running fix. 
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plotting several bearings of the same object. The running fix obtained by advancing 
one bearing line to the time of the next one will not agree with the running fix obtained 
by advancing an earlier line. Thus, if bearings A, B, and C are observed at five-minute 
intervals, the running fix obtained by advancing B to the time of C will not be the same 
as that obtained by advancing A to the time of C, as shown in figure 909f. 

Whatever the current, the direction of the course made good (assuming constant 
current) can be determined. On the chart, plot the various bearing lines (fig. 909¢, 
left). Draw a straight line on a piece of transparent material, and along it mark off 
the distances run (using any assumed speed) between bearings (fig. 909g, right). If 
transparent material is not available, mark off the distances along the edge of a piece 


x 


Fieaure 909e.—A number of running fixes with a following current. 


of paper. By trial and error, fit the distances to the bearing lines on the chart, so that 
each mark falls on its bearing line (fig. 909h). The direction of the line is the vourse 
being made good. Its distance from the track is in error by an amount proportional 
to the ratio of the speed being made good to the speed assumed for the solution. If a 
good fix (not a running fix) is obtained at some time before the first bearing for the 
running fix, and the current has not changed, the track can be determined by drawing 
a line from the fix, in the direction of the course made good. The intersection of the 
track with any of the bearing lines is an actual position. 

The current can be determined whenever a dead reckoning position and fix are 
available for the same time. The direction from the dead reckoning position to the fix 
is the set of the current. The distance between these two positions, divided by the 
time (expressed in hours and tenths) since the last fix, is the drift of the current in 
knots. For accurate results, the dead reckoning position must be run up from the 
previous fix without any allowance for current. Any error in either the dead reckoning 
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Conflicting Running Fixes at 1540 


Ficure 909f.—Detecting the existence of an oblique current, by a series of 
running fixes. 


Ficure 909g.—Preparing to determine the course made good. 
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Figure 909h.—Determining the course made good. 


position (such as poor steering, 
unknown compass error, inaccu- 
rate log, wind, etc.) or the fix 
will be reflected in the deter- 
mination of current. When the 
dead reckoning position and fix 
are close together, a relatively 
small error in either may in- 
troduce a large error in the 
apparent set of the current. 
910. Solution without a 
plot.—A running fix can be 
obtained by utilizing the mathe- 
matical relationships involved. 
Refer to figure 910. A ship 
steams past landmark D. At 
any point A a bearing of D is 
observed and expressed as de- 
grees right or left of the course 
(a relative bearing if the ship is 
on course). Atsome later time, 


at B, a second bearing of D is observed and expressed as before. At C the landmark is 
broad on the beam. The angles at A, B, and CO are known, and also the distance run be- 
tween points. The various triangles could be solved by trigonometry (app. O) to find 
the distance from D at any bearing. Distance and bearing provide a fix. 

Table 7 provides a quick and easy solution. The table is entered with the differ- 
ence between the course and first bearing (angle BAD in fig. 910) along the top of the table, 


and the difference between the 
course and second bearing 
(angle CBD) at the left of the 
table. For each pair of angles 
listed, two numbers are given. 
To find the distance from the 
landmark at the time of the 
second bearing (BD), multiply 
the distance run between bear- 
ings by the first number from 
table 7. To find the distance 
when the object is abeam (CD), 
multiply the distance run be- 
tween A and B by the second 
number from the table. If the 
run between bearings is exactly 
one mile, the tabulated values 
are the distances sought. 

Ezample.—A ship is steaming 
on course 050°, speed 15 knots. 
At 1130 a lighthouse bears 024°, 
and at 1140 it bears 359°, 


Fiaure 910.—Triangles involved in a running fix. 
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Required.—(1) Distance from the light at 1140. 

(2) Distance from the light when it is broad on the port beam. 

Solution (fig. 910).—(1) The difference between the course and the first bearing 
(050°-024°) is 26°, and the difference between the course and the second bearing 
(050°+ 360°— 359°) is 51°. 

(2) From table 7 the two numbers (factors) are 1.04 and 0.81, found by 
interpolation. 

(3) The distance run between bearings is 2.5 miles (10 minutes at 15 knots). 

(4) The distance from the lighthouse at the 
time of the second bearing is 2.5 1.04=2.6 miles. 

(5) The distance from the lighthouse when it is 


broad on the beam is 2.5X0.81=2.0 miles. B 
Answers.—(1) D 2.6 mi., (2) D 2.0 mi. H 
Certain combinations of angles provide quick 


mental solution without the need for table 7. If 
the second difference (angle CBD) is double the 
first difference (angle BAD), triangle BAD is isos- 
celes (art. O28), with equal angles at A and D. 
Therefore side AB (the run) is equal to side BD 
(the distance off at the time of the second bearing). 
This is called doubling the angle on the bow. If 
the first angle is 45° and the second 90°, the dis- 
tance run equals the distance when broad on the 
beam. These are called bow and beam bearings. 
If the first angle is 63°5 and the second 90°, the dis- 
tance off when abeam is about twice the distance 
run. If the angles are 71°5 and 90°, the distance 
off when abeam is about three times the distance 
run. If the first angle is 22°5 and the second 45°, 
the distance at which the object will be passed abeam 
is about 7/10 of the distance run between bearings. 
If the angles are 22°5 and 26°5, the distance abeam 
will be about 7/3 of the distance run. If the angles 
are 30° and 60°, the distance of the object when 
abeam will be about 7/8 of the distance run between 
bearings. If the two angles are such that their natu- 
ral cotangents differ by unity, the distance abeam A 
will be equal approximately to the distance run Figure 91la.—A danger bearing. 
between bearings. Some combinations having ap- 

proximately this relationship are 22°-34°, 25°-41°, 27°-46°, 32°-59°, and 40°-79°. 

If either the course or speed is in error, the result will be inaccurate. 

911. Safe piloting without a fix.—A fix or running fix is not always necessary to 
insure safety of the vessel. Ifa ship is proceeding up a dredged channel, for instance, 
the only knowledge needed to prevent grounding is that the ship is within the limits of 
the dredged area. This information might be provided by a range in line with the 
channel. A fix is not needed except to mark the point at which the range can no longer 
be followed with safety. Such a point is usually marked by a buoy. 

Under favorable conditions a danger bearing might be used to insure safe passage 
past a shoal or other danger. Refer to figure 91la. A vessel is proceeding along a 
coast, on course line AB. A shoal is to be avoided. A line HX is drawn from light- 
house H, tangent to the outer edge of the danger. As long as the bearing of light His 
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less than XH, the danger bearing, the vessel is in safe water. An example is YH, no 
part of the bearing line passing through the danger area. Any bearing greater than 
XH, such as ZH, indicates a possible dangerous situation. If the object is passed on 
the qt side, the safe bearing is less than the danger bearing, as shown in figure 91 1a. 
If the object is passed on the starboard side, the danger bearing represents the mini- 
mum bearing, safe ones being greater. To be effective, a danger bearing should not 
differ greatly from the course, and the object of which bearings are to be taken should 
be easily identifiable and visible over the entire area of usefulness of the danger bearing. 


A margin of safety might be provided by drawing line HX through a point a short 
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Figure 911b.—Horizontal danger angles. 


distance off the danger. If a natural or artificial range is available as a danger bearing, 
it should be used. 

A vessel proceeding along a coast may be in safe water as long as it remains a 
minimum distance off the beach. This information may be provided by any means 
available. One method useful in avoiding particular dangers is the use of a danger 
angle. Refer to figure 911b. A ship is proceeding along a coast on course line AB, 
and the captain wishes to remain outside a danger D. Prominent landmarks are 
located at M and N. A circle is drawn through M and N and tangent to the outer 
edge of the danger. If X is a point on this circle, angle MXN is the same as at any 
other point on the circle (except that part between M and N). Anywhere within the 
circle the angle is larger and anywhere outside the circle it is smaller. Therefore, any 
angle smaller than MXN indicates a safe position and any angle larger than MXN 
indicates possible danger. Angle MXN is therefore a maximum horizontal danger 
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angle. A minimum horizontal danger angle is used when a vessel is to pass inside 
an offlying danger, as at D’ in figure 911b. In this case the circle is drawn through M 
and N and tangent to the inner edge of the danger area. The angle is kept larger than 
MYN. Ifa vessel is to pass between two danger areas, as in figure 911b, the horizontal 
angle should be kept smaller than MXN but larger than MYN. The minimum danger 
angle is effective only while the vessel is inside the larger circle through M and N. 
Bearings on either landmark might be used to indicate the entering and leaving of the 
larger circle. A margin of safety can be provided by drawing the circles through 
points a short distance off the dangers. Any method of measuring the angles, or 
difference of bearing of M and N, can be used. Perhaps the most accurate is by 
horizontal sextant angle. If a single landmark of known height is available, similar 
procedure can be used with a vertical danger angle between top and bottom of the 
object. In this case the churted position of the object is used as the.center of the circles. 

A vessel may sometimes be kept in safe water by means of a danger sounding. 
The value selected depends upon the draft of the vessel and the slope of the bottom. 
It should be sufficiently deep to provide adequate maneuvering room for the vessel to 
reach deeper water before grounding, once the minimum depth is obtained. In an 
area where the shoaling is gradual, a smaller margin of depth can be considered safe 
than in an area of rapid shoaling. Where the shoaling is very abrupt, as off Point 
Conception, California, no danger sounding is practical. It is good practice to promi- 
nently mark the danger sounding line on the chart. A colored pencil is useful for 
this purpose. 

If it is desired to round a point marked by a prominent landmark, without ap- 
proaching closer than a given minimum distance, this can be done by steaming until 
the minimum distance is reached and then immediately changing course so as to 
bring the landmark broad on the beam. Frequent small changes of course are then 
used to keep the landmark near, but not forward of, the beam. This method is not 
reliable if the vessel is being moved laterally by wind or current. 

An approximation of the distance off can be found by noting the rate at which the 
bearing changes. If the landmark is kept abeam, the change is indicated by a change 
of heading. During a change of 57°5, the distance off is about the same as the distance 
run. Fora change of 28°5, the distance is about twice the run; for 19° it is about three 
times the run; for 14°5 it is about four times the run; and for 11°5 it is about five times 
the run. Another variation is to measure the number of seconds required for a change 
of 16°. The distance off is equal to this interval multiplied by the speed in knots and 
divided by 1,000. That is, D= samy’ where D is the distance in nautical miles, S is 
the speed in knots, and t is the time interval in seconds. This method can also be used 
for straight courses (with bearings 8° forward and abaft the beam), but with somewhat 
reduced accuracy. 

912. Soundings.—The most important use of soundings is to determine whether 
the depth is sufficient to provide a reasonable margin of safety for the vessel. For this 
reason, soundings should be taken continuously in pilot waters. A study of the chart 
and the establishment of a danger sounding (art. 911) should indicate the degree of 
safety of the vessel at any time. 

Under favorable conditions, soundings can be a valuable aid in establishing the 
position of the vessel. Their value in this regard depends upon the configuration of 
the bottom, the amount and accuracy of information given on the chart, the type and 
accuracy of the sounding equipment available aboard ship, and the knowledge and skill 
of the navigator. In an area having a flat bottom devoid of distinctive features, or in an 
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area where detailed information is not given on the chart, little positional information 
can be gained from soundings. However, in an area where depth curves run roughly 
parallel to the shore, a sounding might indicate distance from the beach. In any area 
where a given depth curve is sharply defined and relatively straight, it serves as a line 
of position which can be used with other lines, such as those obtained by bearings of 
landmarks, to obtain a fix. The 100-fathom curve at the outer edge of the con- 
tinental shelf might be crossed with a line of position from celestial observation or 
loran. The crossing of a sharply defined trench, ridge, shoal, or flat-topped seamount. 
(a guyot) might provide valuable positional information. 

In any such use, identification of the feature observed is important. In an area 
of rugged underwater terrain, identification might be difficult unless an almost con- 
tinuous determination of position is maintained, for it is not unusual for a number of 
features within a normal radius of uncertainty to be similar. If the echo sounder 
produces a continuous recording of the depth, called a bottom profile, this can be 
matched to the chart in the vicinity of the course line. If no profile is available, 
a rough approximation of one can be constructed as follows: Record a series of sound- 
ings at short intervals, the length being dictated by the scale of the chart and the ex- 
isting situation. For most purposes the interval might be each minute, or perhaps 
each half-mile or mile. Draw a straight line on transparent material and, at the scale 
of the chart, place marks along the line at the distance intervals at which soundings 
were made. For this purpose the line might be superimposed over the latitude scale 
or a distance scale of the chart. At each mark record the corresponding sounding. 
Then place the transparency over the chart and, by trial and error, match the recorded 
soundings to those indicated on the chart. Keep the line on the transparency parallel 
or nearly parallel to the course line plotted on the chart. A current may cause some 
difference between the plotted course line and the course made good. Also, speed over 
the bottom might be somewhat different from that used for the plot. This should be 
reflected in the match. This method should be used with caution, because it may be 
possible to fit the line of soundings to several places on the chart. 

Exact agreement with the charted bottom should not be expected at all times. 
Inaccuracies in the soundings, tide, or incomplete data on the chart may affect the 
match, but general agreement should be sought. Any marked discrepancy should be 
investigated, particularly if it indicates less depth than anticipated. If such a dis- 
crepancy cannot be reconciled, the wisest decision might well be to haul off into deeper 
water or anchor and wait for more favorable conditions or additional information. 

913. Most probable position (MPP).—Since information sufficient to establish 
an exact position is seldom available, the navigator is frequently faced with the problem 
of establishing the most probable position of the vessel. If three reliable bearing lines 
cross at a point, there is usually little doubt as to the position, and little or no judgment 
is needed. But when conflicting information or information of questionable reliability 
is received, a decision is required to establish the MPP. At such a time the experience 
of the navigator can be of great value. Judgment can be improved if the navigator 
will continually try to account for all apparent discrepancies, even under favorable 
conditions. If a navigator habitually analyzes the situation whenever positional 
information is received, he will develop judgment as to the reliability of various types 
of information, and will learn something of the conditions under which certain types 
should be treated with caution. 

When complete positional information is lacking, or when the available information 
is considered of questionable reliability, the most probable position might well be 
considered an estimated position (EP). Such a position might be determined from a 
single line of position, from a line of soundings, from lines of position which are some- 
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what inconsistent, from a dead reckoning position with a correction for current or 
wind, etc. 

Whether the most probable position is a fix, running fix, estimated position, or 
dead reckoning position, it should be kept continually in mind, together with some 
estimate of its reliability. The practice of continuing a dead reckoning plot from one 
good fix to another is advisable, whether or not information is available to indicate a 
most probable position differing from the dead reckoning position, for the DR plot pro- 
vides an indication of current and leeway. A series of estimated positions may not be 
consistent because of the continual revision of the estimate as additional information 
is received. However, it is good practice to plot all MPP’s, and sometimes to maintain 
a separate EP plot based upon the best estimate of course and speed being made good 
over the ground, for this should furnish valuable information to indicate whether the 
present course is a safe one. 


Aids to Navigation 


914. Kinds of aids.—When piloting, a navigator is concerned primarily with the 
position of his vessel relative to nearby land, shoals, and other dangers. It is natural, 
therefore, that he make extensive use of landmarks, which are conspicuous objects, 
structures, or lights serving as indicators for guidance or warning of a craft. Such an 
object visible from a distance to seaward is called a seamark. Either type of mark may be 
called a daymark if useful only during daylight, or a nightmark if useful primarily during 
darkness. A natural or artificial mark used to assist a vessel in avoiding a particular 
hazard may be called a clearing mark. If an uncharted landmark is discovered, 
its position might be established from available information or by triangulation 
(art. 4110) from known positions, and plotted on the chart for future use. A perma- 
nent feature might well be reported to the appropriate government charting agency. 

A mark established by man, to serve as a landmark, is called an aid to navigation. 
This should not be confused with the expression navigational aid, which includes, 
in addition to aids to navigation, such items as instruments, charts, tables, etc. The 
principal aids to navigation are: 

Lighthouse, a structure exhibiting a major light designed to serve as an aid to 
navigation. Lighthouses vary in appearance because of location, relative importance, 
the type of soil upon which they are constructed, prevalence of violent storms, back- 
grounds against which they are seen, distances the lights are to be seen, etc. Some 
are located on land, and some in the water. Figure 914 illustrates several typical light 
structures. The type of structure and its coloring assist in daylight identification. 
There are about 400 lighthouses in United States waters, being located along all coasts, 
the Great Lakes, and many of the inland waterways. 

Beacon. In a general sense, a beacon is anything serving as a signal or indication, 
either for guidance or warning. However, as a distinctive type of aid to navigation, 
a beacon is either a fized aid (not a floating one) or an unlighted aid (sometimes called 
adaybeacon). As thus defined, a lighthouse is a beacon. However, the term ‘‘beacon”’ 
is generally applied particularly to secondary fixed structures, whether lighted or not. 
There are about 15,000 beacons of this type in United States waters. 

Lightship, a distinctively marked vessel anchored or moored at a charted point, 
to serve as an aid to navigation. By night it displays a characteristic masthead light 
and a less brilliant light on the forestay. The forestay indicates the direction in which 
the vessel is headed, and hence the direction of the current (or wind), since lightships 
head into the wind or current. By day a lightship displays the International Code 
signal of the station when requested, or if an approaching vessel does not seem to 
recognize it. The name of the station is painted in large letters on the side of the 
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MASONRY STRUCTURE CYLINDRICAL TOWER SQUARE 
HOUSE ON CYLINDRICAL BASE 
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CYLINDRICAL CAISSON STRUCTURE SKELETON IRON STRUCTURE 


Fraure 914.—Typical light structures. 
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vessel. All lightships except Lake Huron Lightship have red hulls; white lettering and 
superstructure; and buff masts, lantern galleries, ventilators, and stacks. Relief light- 
ships have the same coloring, but carry the name ‘Relief.”” Lake Huron Lightship 
has a black hull. A lightship may be equipped with certain auxiliary devices such as 
a fog signal, submarine sound signal, and radiobeacon. When under way or off station 
a lightship displays the lights and sounds the signals prescribed by the rules of the 
road, and flies the International Code signal flags ‘““PC,”’ signifying that it is not then 
serving as an aid to navigation. It does not then show or sound any of the signals 
of a lightship. A lightship is the floating equivalent of a lighthouse. Most U.S. 
lightships eventually will be replaced by structures similar to Texas towers. 

Buoy, a floating object, other than a lightship, moored to the bottom as an aid to 
navigation. There are many different types of buoys to serve different purposes. 
Buoys are the most numerous aid to navigation, about 20,000 unlighted and 3,000 
lighted buoys being maintained by the United States Coast Guard alone. 

Any lighted aid to navigation may be called a light. 

Along the coasts of the United States, and in the Great Lakes (United States 
side) most aids to navigation are installed and maintained by the United States Coast 
Guard. Along certain rivers they are under the control of other government agencies, 
notably the Corps of Engineers of the United States Army. A number of privately 
maintained aids are in use. An example of such aids are lights at the ends of privately 
owned piers. 

915. Lights.—A light extends the use of various aids to navigation to periods of 
darkness. If such a light is to serve its purpose, the user must be able to distinguish 
it from the general background of shore lights, and to determine which navigational 
light it is. That is, one must be able to identify the light. For this purpose each 
light is given a distinctive sequence of light and dark periods, and in some cases a 
distinctive color, or color sequence. These features are called the characteristics of 
the light (fig. 915). No two lights are given the same characteristics if they are so 
located that one might be mistaken for the other. 

The U.S. Coast Guard publishes a Light List in five volumes: two volumes for 
the Atlantic coast and Gulf of Mexico, and one volume each for the Pacific coast and 
islands, Great Lakes, and Mississippi River system. The U.S. Navy Hydrographic 
Office publishes seven Lists of Lights giving characteristics of lights of foreign waters 
and the principal lights along the coasts of the United States. Characteristics are 
also indicated on charts. The letter W indicates a white light, R a red light, and G 
a green light. Other colors are not used by the United States Coast Guard. If no 
color indication is given, a light is white. Colors are produced by glass shades 
or screens. The period of a light is the time required for one complete sequence of 
characteristics. 

Some lights provide bearing indication by a system of light sectors, different 
colors being exhibited in the various sectors. As an observer crosses the boundary 
between sectors, he can note the change of color. The boundaries are indicated in 
the light lists and by broken lines on charts. The bearings given in these indications 
are those of the light as observed at a distance, not the direction outward from the 
light. In general, red sectors are used to indicate obstruction areas. In using light 
sectors to determine bearing, one should remember that the line of demarcation is not 
always sharply defined, and that when haze or smoke is present, a white light might 
have a reddish hue. 

916. Visibility of lights.—Usually a navigator wants to know not only the identity 
of a light, but also the area in which he might reasonably expect to observe it. His 
track is planned to take him within range of lights which can prove useful during 
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Symbols and meaning 


Illustration Phase description 


Lights which 
show color 
variations 


Lights which do 
not change color 


Alt. =Alternat- 
ing. 


A continuous steady 
light. 


F. Fl. = Fixed 
and flashing. 


Alt. F. Fl. =Al- 
ternating fixed 
and flashing. 


A fixed light varied at 
regular intervals by 
a flash of greater 
brilliance. 


A fixed light varied at 
regular intervals by 


F, Gp. Fl. = Fixed 


Alt. F. Gp. Fl. 
and group 


=Alternating 


flashing, fixed and groups of 2 or more 
group flashing flashes of greater 
brilliance. 


Fl. =Flashing--._| Alt. Fl. Alter-} Shows a single flash at 
nating flash- regular intervals, the 
ing. duration of light al- 

ways being less than 
the duration of dark- 
ness. Shows not 
more than 30 flashes 
per minute. 

Gp. Fl.=Group | Alt. Gp. Fl.=| Shows at regular inter- 

flashing. Alternating vals groups of 2 or 
group flash- more flashes. 
ing. 
Qke Eli Quick: [22 = =e Shows not less than 
flashing. 60 flashes per min- 
ute. 
Loi Qice Rlg= Ina pee ee oes Shows quick flashes 


terrupted 
quick flash- 
ing. 


for about 4  sec- 
onds, followed by a 
dark period of 


about 4 seconds. 


S-L. Fl. =Short- 


Shows a short flash of 
long flashing. 


about 0.4 second, 
followed by a long 
flash of 4 times 
that duration. 


A light totally eclipsed 
at regular _ inter- 
vals, the duration 
of light always 
equal to or greater 
than the duration 
of darkness. 


Occ. =Occulting | Alt. Occ. =Al- 
ternating oc- 


culting. 


ees pe 8 Pen op A light with a group 
of 2 or more eclipses 


at regular intervals. 


ee : Oce. = 
Group occult- 
ing. 


AML 


Light colors used and abbreviations: W=white, R=red, G=green. 


Friaure 915.—Light characteristics. 


periods of darkness. If lights are not sighted within a reasonable time after prediction, 
a dangerous situation may exist, requiring resolution or action to insure safety of the 
vessel. 

The area in which a light can be observed is normally a circle with the light as 
the center, and the range of visibility as the radius. However, on some bearings the 
range may be reduced by obstructions. In this case the obstructed arc might differ 
with height of eye and distance. Also, lights of different colors may be seen at different 
distances. This fact should be considered not only in predicting the distance at which 
a light can be seen, but also in identifying it. The condition of the atmosphere has 
a considerable effect upon the distance at which lights can be seen. Sometimes lights 
are obscured by fog, haze, dust, smoke, or precipitation which may be present at the 
light, or between it and the observer, but not at the observer, and possibly unknown 
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to him. There is always the possibility of a light being extinguished. In the case of 
unwatched lights, this condition might not be detected and corrected at once. During 
periods of armed conflict, certain lights might be deliberately extinguished if they are 
considered of greater value to the enemy than to one’s own vessels. 

On a dark, clear night the range of visibility is limited primarily in two ways: 
(1) luminosity and (2) curvature of the earth. A weak light cannot normally be 
expected to be seen beyond a certain range, regardless of the height of eye. This 
distance is called luminous range. Light travels in almost straight lines, so that an 
observer below the visible horizon of the light should not expect to see the light, 
although the loom extending upward from the light can sometimes be seen at greater 
distances. Table 8 gives the distance to the horizon at various heights. The tabu- 
lated distances assume normal refraction. Abnormal conditions might extend this 
range somewhat (or in some cases reduce it). Hence, the geographic range, as the 
luminous range, is not subject to exact prediction at any given time. 

The geographic range depends upon the height of both the light and the observer, 
as shown in figure 916. In this illustration a light 150 feet above the water is shown. 
At this height, the distance to the horizon, by table 8, is 14.0 miles. Within this 
range the light, if powerful enough and atmospheric conditions permit, is visible regard- 
less of the height of eye of the observer (if there is no obstruction). Beyond this 
range, the visibility depends upon the height of eye. Thus, by table 8 an observer 
with height of eye of five feet can see the light on his horizon if he is 2.6 miles beyond 
the horizon of the light, or a total of 16.6 miles. For a height of 30 feet the distance 
is 14.0+6.3 = 20.3 miles. If the height of eye is 70 feet, the geographic range is 
14.0+9.6 = 23.6 miles. 

The range of important lights is given in the light lists, and also on the charts. 
The tabulated or charted range is for mean high water and a height of eye of 15 feet, and 
because of various uncertainties is given only to the nearest whole mile. Where the 
luminous range is less than the charted range, the shorter distance is given. This fact 
is not indicated. Therefore, in predicting the range at which a light can be seen, one 
should first determine the geographic range and compare this with the charted range. 
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FicureE 916.—Geographic range of visibility of a light. 
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This is done by adding 4.4 miles (the distance to the horizon at a height of 15 feet) to 
the value from table 8 for the height of the light. If this value approximates the 
charted range, one is generally safe in assuming that the charted range is the geographic 
range. The predicted range is then found by adding the distance to the horizon for 
both the light and the observer, as indicated above, or, approximately, by taking the 
difference between 4.4 and the distance for the height of eye of the observer (a constant 
for any given height) and adding this value to the charted range (subtracting if the 
height of eye is less than 15 feet). In making a prediction, one should keep in mind 
the possibility of the luminous range being between the charted range and the predicted 
range. The power of the light should be of some assistance in identifying this 
condition. 

If one is approaching a light, and wishes to predict the time at which it should be 
sighted, he first predicts the range. It is then good practice to draw a circle indicating 
the limit of visibility. The point at which the course line crosses the circle of visibility 
is the predicted position of the vessel at the time of sighting the light. The predicted 
time of arrival at this point is the predicted time of sighting the light. The direction 
of the light from this point is the predicted bearing at which the light should be sighted. 
Conversion of the true bearing to a relative bearing is usually helpful in sighting the 
light. The accuracy of the predictions depends upon the accuracy of the predicted 
range, and the accuracy of the predicted time and place of crossing the circle of visi- 
bility. If the course line crosses the circle of visibility at a small angle, a small lateral 
error in track may result in a large error of prediction, both of bearing and time. This 
is particularly apparent if the vessel is farther from the light than predicted, in which 
case the light might be passed without being sighted. Thus, if a light is not sighted 
at the predicted time, the error may be on the side of safety. However, such an in- 
terpretation should not be given unless confirmed by other information, for there is 
always the possibility of reduced range of visibility, or of the light being extinguished. 

When a light is first sighted, one might determine whether it is on the horizon by 
immediately reducing the height of eye by several feet, as by squatting or changing 
position to a lower height. If the light disappears, and reappears when the original 
height is resumed, it is on the horizon. This process is called bobbing a light. If a 
vessel has considerable vertical motion due to the condition of the sea, a light sighted 
on the horizon may alternately appear and disappear. This may lead the unwary to 
assign faulty characteristics and hence to err in its identification. The true character- 
istics should be observed after the distance has decreased, or by increasing the height 
of eye of the observer. 

917. Buoys.—The primary functions of buoys are to delineate channels, indicate 
shoals, mark obstructions, and warn the mariner of danger. 

The principal types of buoys used by the United States are illustrated in figure 
917, and described as follows: 

Can, a buoy built up of steel plates, in the shape of an ordinary cylindrical “tin” 
can. 


Nun, a buoy built up of steel plates, the above-water portion being in the shape 
of a truncated cone. 

Spar, a large log, trimmed, shaped, and appropriately painted. Some spar buoys 
of the same shape are constructed of steel. 

Bell, a steel float surmounted by a short skeleton tower in which the bell is located. 
Older bell buoys are sounded by the motion of the buoys in the sea. In newer types 
the bells are struck by compressed gas or electrically operated hammers. A gong buoy 


is similar to a bell buoy, but instead of a bell it has a set of gongs, each of which has a 
distinctive tone. 
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Whistle, a steel float sur- 
mounted by a small tower 
in which a whistle is located. 
Older whistle buoys are sounded 
by the motion of the sea. In 
some newer buoys a trumpet 
is sounded electrically. 

Lighted, a steel float sur- 
mounted by a skeleton tower CAN SPAR 
with the light at the top. En- 
ergy for the light is provided by 
electric batteries or a tank of 
acetylene gas, located in the 
metal float. 

Combination, a buoy hav- 
ing more than one means of BELL WHISTLE 
conveying intelligence, as a 
lighted bell buoy or lighted 
whistle buoy. 

Some unlighted buoys are 
fitted with reflectors to assist 
in their location and identi- 
fication by searchlight at night. 
The colors of the reflectors 
have the same significance as 
those of lights. Radar re- 
pies ea ee LIGHTED LIGHTED LIGHTED 

uoys to increase the strength BELL WHISTLE 
of the returned signal. A buoy 
may be equipped with a marker Fraure 917.—Principal buoy types used by United States. 
radiobeacon. 

Most maritime countries use either the lateral system of buoyage or the cardinal 
system, or both. In the lateral system, used on all navigable waters of the United 
States, the coloring, shape, numbering, and lighting of buoys indicate the direction to 
a danger relative to the course which should be followed. In the cardinal system the 
coloring, shape, and lighting of buoys indicate the direction to a danger relative to the 
buoy itself. The color, shape, lights, and numbers of buoys in the lateral system as 
used by the United States are determined relative to a direction from seaward. Along 
the coasts of the United States, the clockwise direction around the country is arbitrarily 
considered to be the direction “from seaward.’ Some countries using the lateral 
system have methods of coloring their buoys and lights opposite to that of the United 
States. Appendix J treats this subject in greater detail. 

In United States waters the following distinctive system of identification is used: 

Red nun buoys mark the right side of channels for an inbound vessel, and obstruc- 
tions which should be kept to starboard. They have even numbers which increase 
from seaward. 

Black can buoys mark the left side of channels for an inbound vessel, and obstruc- 
tions which should be kept to port. They have odd numbers which increase from 
seaward. 

Red and black horizontally banded buoys mark junctions or bifurcations of channels, 
or an obstruction that can be passed on either side. The color (red or black) of the 
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top band and the shape (nun or can) indicate the side on which the buoy should be 
passed by a vessel proceeding along the principal channel. 

Black and white vertically striped buoys mark the center of a channel.and should 
be passed close aboard. These ‘‘mid-channel buoys” may be either nuns or cans. 

In fairways and channels solid red or solid black buoys have numbers. Others 
may have letter designations. Along channels certain numbers may be omitted to 
maintain the approximate sequence on both sides of the channels. 

Inghts. Red lights are used only on red buoys and buoys with a red band at the 
top, green lights are used only on black buoys and buoys with a black band at the top. 
White lights are used without any color significance. Lights on red and black buoys, 
if not fixed, are always regularly flashing or regularly occulting. Quick flashing lights 
are used when a light of distinct cautionary significance is desired, as at a sharp turn 
or constriction in the channel. Interrupted quick flashing lights are used on red and 
black horizontally banded buoys. White short-long flashing lights are used on black 
and white vertically striped buoys. 

Special purpose buoys. White buoys mark anchorages. Yellow buoys mark quar- 
antine anchorages. White buoys with green tops are used in dredging and survey 
operations. Black and white horizontally banded buoys mark fish net areas. Yellow 
and black vertically striped buoys mark seadromes. White and orange banded, either 
horizontally or vertically, are used for special purposes. 

Wreck buoys are generally placed on the seaward or channel side, as near the wreck 
as conditions permit. The possibility of the wreck having shifted position due to sea 
action since the buoy was placed should not be overlooked. 

Station buoys, are placed close to some lightships and important buoys to mark 
the position if the regular aid is not at the assigned position. Such buoys are colored 
and numbered the same as the regular aid, lightship station buoys having the letters 
“LS” above the initials of the station. 

Buoys are secured by anchor, and swing in a circle of small radius as the current 
changes. In this respect, they are inferior to fixed aids for position fixing. They may 
be shifted, carried away, capsized, or sunk. Lighted buoys may be extinguished and 
sound buoys may not function. 

Dates shown in light lists for seasonal buoys are approximations which vary with 
local conditions. 

918. Fog signals.—Any sound-producing device may serve as a fog signal to warn 
the mariner of danger or to assist him in establishing the position of his vessel. If a 
fog signal is to be fully effective for the second of these functions, the mariner must 
be able to recognize it as a fog signal and to know from what point it is sounded. 
Bells, whistles, etc., which are sounded by action of the sea are erratic in operation, 
and positive identification is not always possible. At most lighthouses and lightships 
fog signals are operated by mechanical means, providing a definite sequence of sounds 
and silent periods resembling the characteristics of lights. The sequence, stated in the 
light list, is an aid to identification. The distinctive sound of each type of signal 
apparatus is helpful in this respect. About 600 fog signals are maintained by the 
United States Coast Guard. These are of the following types: 

Bell, sounded by means of a hammer actuated by hand, descending weight, com- 
pressed gas, or electricity. 

Diaphone, a device producing sound by means of a slotted reciprocating piston 


actuated by compressed air. “Two-tone” diaphones produce a blast with a high pitch 
followed by a lower pitch. 
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Diaphragm horn, a device producing sound by means of a disk diaphragm vibrated 
by compressed air, steam, or electricity. Duplex or triplex units produce simultaneous 
sounds of different pitch, resulting in a chime signal. 

Reed horn, a device producing sound by means of a steel reed vibrated by 
compressed air. 

Siren, a device producing sound by means of either a disk or a cup-shaped rotor 
actuated by compressed air, steam, or electricity. 

Whistle, producing sound by compressed air or steam emitted through a circular 
slot into a cylindrical bell chamber. 

Radiobeacons, radar, and other electronic aids to navigation can be of considerable 
assistance to a vessel equipped to use them. 


Tides and Currents 


919. Tidal effects——The daily rise and fall of the tide, with its attendant flood 
and ebb of tidal current, is familiar to every mariner. He is aware, also, that at high 
water and low water the depth of water is momentarily constant, a condition called 
stand. Similarly, there is a moment of slack water as a tidal current reverses direction. 
As a general rule, the change in height or the current speed is at first very slow, increasing 
to a maximum about midway between the two extremes, and then decreasing again. 
If plotted against time, the height of tide or speed of a tidal current takes the general 
form of a sine curve. Sample curves, and more complete information about causes, 
types, and features of tides and tidal currents, are given in chapter XXXI. Ocean 
(nontidal) currents are discussed in chapter XXXII. The present chapter is con- 
cerned primarily with the application of tides and currents to piloting, and predicting 
the tidal conditions that might be encountered at any given time. 

Although tides and tidal currents are caused by the same phenomena, the time 
relationship between them varies considerably from place to place. For instance, if 
an estuary has a wide entrance and does not extend far inland, the time of maximum 
speed of current occurs at about the mid time between high water and low water. 
However, if an extensive tidal basin is connected to the sea by a small opening, the 
maximum current may occur at about the time of high water or low water outside the 
basin, when the difference in height is maximum. 

The height of tide should not be confused with depth of water. For reckoning 
tides a reference level is selected. Soundings shown on the largest scale charts are the 
vertical distances from this level to the bottom. At any time the actual depth is this 
charted depth plus the height of tide. In most places the reference level is some form 
of low water. But all low waters at a place are not the same height, and the selected 
reference level is seldom the lowest tide that occurs at the place. When lower tides 
occur, these are indicated by a negative sign. Thus, at a spot where the charted depth is 
15 feet, the actual depth is 15 feet plus height of tide. When the tide is three feet, the 
depth is 15+3=18 feet. When it is (—)1 foot, the depth is 15—1=14 feet. It is 
well to remember that the actual depth can be less than the charted depth. In an area 
where there is a considerable range of tide (the difference between high water and low 
water), the height of tide might be an important consideration in using soundings 
to assist in determining position, or whether the vessel is in safe water. 

One should remember that heights given in the tide tables are predictions, and that 
when conditions vary considerably from those used in making the predictions, the 
heights shown may be considerably in error. Heights lower than predicted are par- 
ticularly to be anticipated when the atmospheric pressure is higher than normal, or 
when there is a persistent strong offshore wind. Along coasts where there is a large 
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inequality between the two high or two low tides during a tidal day the height predictions 
are less reliable than elsewhere. 

The current encountered in pilot waters is due primarily to tidal action, but 
other causes are sometimes present. The tidal current tables give the best prediction 
of total current, regardless of cause. The predictions for a river may be considerably 
in error following heavy rains or a drought. The effect of current is to alter the course 
and speed made good over the bottom (art. 807). Due to the configuration of land (or 
shoal areas) and water, the set and drift may vary considerably over different parts of a 
harbor. Since this is generally an area in which small errors in position of a vessel are 
of considerable importance to its safety, a knowledge of predicted currents can be 
critical, particularly if the visibility is reduced by fog, snow, etc. If the vessel is pro- 
ceeding at reduced speed, the effect of current with respect to distance traveled is 
greater than normal. Strong currents are particularly to be anticipated in narrow 
passages connecting larger bodies of water. Currents of more than five knots are 
encountered from time to time in the Golden Gate at San Francisco. Currents of more 
than 13 knots sometimes occur at Seymour Narrows, British Columbia. 

In straight portions of rivers and channels the strongest currents usually occur in 
the middle, but in curved portions the swiftest currents (and deepest water) usually 
occur near the outer edge of the curve. Countercurrents and eddies may occur on 
either side of the main current of a river or narrow passage, especially near obstructions 
and in bights. 

In general, the range of tide and the speed of tidal current are at a minimum upon 
the open ocean or along straight coasts. The greatest tidal effects are usually en- 
countered in rivers, bays, harbors, inlets, bights, etc. A vessel proceeding along a 
coast can be expected to encounter stronger sets toward or away from the shore while 
passing an indentation than when the coast is straight. 

920. Predictions of tides and currents to be expected at various places are pub- 
lished annually by the U. S. Coast and Geodetic Survey. These are supplemented 
by nine sets of Tidal Current Charts, each set consisting of 12 charts, one for each hour 
of the tidal cycle. On these charts the set of the current at various places in the area is 
shown by arrows, and the drift by numbers. Since these are average conditions, they 
indicate in a general way the tidal conditions on any day and during any year. They 
are designed to be used with the tidal current tables (except those for New York Harbor, 
which are used with the tide tables). These charts are available for Boston Harbor, 
Narragansett Bay to Nantucket Sound, Long Island Sound and Block Island Sound, 
New York Harbor, Delaware Bay and River, Tampa Bay, San Francisco Bay, Puget 
Sound (northern part), and Puget Sound (southern part). Current arrows are some- 
times shown on nautical charts. These represent average conditions and should not 
be considered reliable predictions of the conditions to be encountered at any given time. 
When a strong current sets over an irregular bottom, or meets an opposing current, 
ripples may occur on the surface. These are called tide rips. Areas where they occur 
frequently are shown on charts. 

Usually, the mariner obtains tidal information from tide and tidal current tables. 
However, if these are not available, or if they do not include information at a desired 
place, the mariner may be able to obtain locally the mean high water lunitidal interval 
or the high water full and change. The approximate time of high water can be found by 
adding either interval to the time of transit (either upper or lower) of the moon (art. 
2104). Low water occurs approximately % tidal day (about 6°12™) before and after 
the time of high water. The actual interval varies somewhat from day to day, but 
approximate results can be obtained in this manner. Similar information for tidal 
currents (lunicurrent interval) is seldom available. 


PILOTING 269 


921. Tide tables for various parts of the world are published in four volumes by the 
U.S. Coast and Geodetic Survey. Each volume is arranged as follows: 

Table 1 contains a complete list of the predicted times and heights of the tide for 
each day of the year at a number of places designated as reference stations. 

: Table 2 gives differences and ratios which can be used to modify the tidal informa- 
tion for the reference stations to make it applicable to a relatively large number of 
subordinate stations. 

Table 3 provides information for use in finding the approximate height of the tide 
at any time between high water and low water. 

Table 4 is a sunrise-sunset table at five-day intervals for various latitudes from 
76°N to 60°S (40°S in one volume). 

Table 5 provides an adjustment to convert the local mean time of table 4 to zone or 
standard time. 

Table 6 (two volumes only) gives the zone time of moonrise and moonset for each 
day of the year at certain selected places. 

Table 7 gives certain astronomical data. In the two volumes not having moon- 
rise-moonset tables, this is table 6. 

Extracts from tables 1, 2, and 3 for the East Coast of North and South America 
are given in appendix T. Before the edition having predictions for 1958, the arrange- 
ment of tables 1 and 2 were somewhat different than shown. 

922. Tide predictions for reference stations.—The first page of appendix T is the 
table 1 daily predictions for New York (The Battery) for the first quarter of 1958. 
As indicated at the bottom of the page, times are for Eastern Standard Time (+5 zone, 
time meridian 75° W). Daylight saving time is not used. Times are given on the 
24-hour basis. The tidal reference level for this station is mean low water. 

For each day, the date and day of week are given, and the time and height of each 
high and low water are given in chronological order. Although high and low waters 
are not labeled as such, they can be distinguished by the relative heights given immed- 
iately to the right of the times. Since two high tides and two low tides occur each tidal 
day, the type of tide at this place is semidiurnal (art. 3105). The tidal day being 
longer. than the civil day (because of the revolution of the moon eastward around the 
earth), any given tide occurs later from day to day. Thus, on Saturday, March 22, 
1958, the first tide that occurs is the lower low water (—0.3 foot at 0333). The follow- 
ing high water (lower high water) is 4.1 feet above the reference level (a 4.4 foot rise 
from the preceding low water), and occurs at 0929. This is followed by the higher 
low water (—0.2 feet) at 1540, and then the higher high water of 4.4 feet at 2143. 
The cycle is repeated on the following day with variations in height, and later times. 

Because of later times of corresponding tides from day to day, certain days have 
only one high water or only one low water. Thus, on January 9 high tides occur at 
1051 and 2329. The next following high tides are at 1146 on January 10 and 0024 on 
January 11. Thus, only one high tide occurs on January 10, the previous one being 
shortly before midnight. on the ninth, and the next one occurring early in the morning 
of the eleventh, as shown. 

923. Tide predictions for subordinate stations.—The second page of appendix T 
is a page of table 2 of the tide tables. For each subordinate station listed, the following 
information is given: 

Number. The stations are listed in geographical order and given consecutive 
numbers. At the end of each volume an alphabetical listing is given, and for each 
entry the consecutive number is shown, to assist in finding the entry in table 2. 

Place. The list of places includes both subordinate and reference stations, the 


latter being given in bold type. 


270 PILOTING 


Position. The approximate latitude and longitude are given to assist in locating 
the station. The latitude is north or south, and the longitude east or west, depending 
upon the letters (N, S, E, W) next above the entry. These may not be the same as 
those at the top of the column. 

Differences. The differences are to be applied to the predictions for the reference 
station shown in bold capitals next above the entry on the page. Time and height differ- 
ences are given separately for high and low waters. Where differences are omitted, 
they are either unreliable or unknown. 

The time difference is the number of hours and minutes to be applied to the time 
at the reference station to find the time of the corresponding tide at the subordinate 
station.. This interval is added if preceded by a plus sign (+), and subtracted if 
preceded by a minus sign (—). Special conditions occurring at a few stations are 
indicated by footnotes on the applicable pages. In some instances, the corresponding 
tide falls on a different daté at reference and subordinate stations. 

Height differences are shown in a variety of ways. For most entries separate 
height differences in feet are given for high water and low water. These are applied 
to the height given for the reference station. In many cases a ratio is given for either 
high water or low water, or both. The height at the reference station is multiplied 
by this ratio to find the height at the subordinate station. For a few stations, both a 
ratio and difference are given. In this case the height at the reference station is first 
multiplied by the ratio, and the difference is then applied. An example is given in 
each volume of tide tables. Special conditions are indicated in the table or by footnote. 
Thus, a footnote on the second page of appendix T indicates that ‘‘Values for the 
Hudson River above George Washington Bridge are based upon averages for the six 
months May to October, when the fresh-water discharge is a minimum.” 

Ranges. Various ranges are given, as indicated in the tables. In each case this 
is the difference in height between high water and low water for the tides indicated. 

Ezample.—List chronologically the times and heights of all tides at Yonkers, 
(No. 1581) on January 10, 1958. 


Solution.— 

Date January 10, 1958 

Subordinate station Yonkers 

Reference station New York 

High water time difference (--) 1509" 

Low water time difference (+) 1510" 

High water height difference (—) 0.7 ft. 

Low water height difference 0.0 ft. 

New York Yonkers 

HW 2329 (9th) 4.4 ft. 0038 3.7 ft. 
LW 0525 (—) 0.6 ft. 0635 (—) 0.6 ft. 
HW 1146 4.6 ft. 1255 3.9 ft. 
LW 1758 (—) 0.8 ft. 1908 (—) 0.8 ft. 


924. Finding height of tide at any time.—Table 3 of the tide tables provides means 
for determining the approximate height of tide at any time. It is based upon the 
assumption that a plot of height versus time is a sine curve (art. O40). Instructions 
for use of the table are given in a footnote below the table, which is reproduced in 
appendix T. 


aie 1.—Find the height of tide at Yonkers (No. 1581) at 1000 on January 10, 
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Solution.—The given time is between the low water at 0635 and the high water 
at 1255 (example of art. 923). Therefore, the tide is rising. The duration of rise is 
1255 —0635=620". The range of tide is 3.9—(—0.6)=4.5 feet. The given time 
is 2055" before high water, the nearest tide. Enter the upper part of the table with 
duration of rise 6"20™, and follow the line horizontally to 2"57™ (the nearest tabulated 
value to 2°55"). Follow this column vertically downward to the entry 2.0 feet in 
the line for a range of tide of 4.5 feet. This is the correction to be applied to the nearest 
tide. Since the nearest tide is high water, subtract 2.0 from 3.9 feet. The answer, 
1.9 feet, is the height of tide at the given time. 

Answer.—Ht. of tide at 1000, 1.9 ft. 

Interpolation in this table is not considered justified. 

It may be desired to know at what time a given depth of water will occur. In 
this case, the problem is solved in reverse. 

Example 2.—The captain of a vessel drawing 22 feet wishes to pass over a tempo- 
rary obstruction near Days Point, Weehawken (No. 1571), having a charted depth of 21 
feet, passage to be made during the morning of January 10, 1958. 

Required.—The earliest time after 0800 that this passage can be made, allowing 
a safety margin of two feet. 

Solution.—The least acceptable depth of water is 24 feet, which is three feet more 
than the charted depth. Therefore, the height of tide must be three feet or more. At 
the New York reference station a low tide of (—)0.6 foot occurs at 0525, followed 
by a high tide of 4.6 feet at 1146. At Days Point the corresponding low tide is (—) 0.6 
foot at 0548, and the high tide is 4.4 feet at 1210. The duration of rise is 6"22™, and 
the range of tide is 5.0 feet. The least acceptable tide is 3.0 feet, or 1.4 feet less than 
high tide. Enter the lower part of table 3 with range 5.0 feet and follow the horizontal 
line until 1.5 feet is reached (the nearest tabulated value to 1.4 feet). Follow this 
column vertically wpward until the value of 2°19™ is reached on the line for a duration 
of 620™ (the nearest tabulated value to 6°22™). The minimum depth will occur 
about 2"19™ before high water, or at about 0951. 

Answer.—A depth of 24 feet occurs at 0951. 

If the range of tide is more than 20 feet, half the range (one third if the range is 
greater than 40 feet) is used to enter table 3, and the correction to height is doubled 
(trebled if one third is used). 

A diagram for a graphical solution is given in figure 924. Eye interpolation can 
be used if desired. The steps in this solution are as follows: 

1. Enter the upper graph with the duration of rise or fall. This is represented 
by a horizontal line. 

2. Find the intersection of this line and the curve representing the interval from 
the nearest low water (point A). 

3. From A, follow a vertical line to the sine curve of the lower diagram (point B). 

4. From B, follow horizontally to the vertical line representing the range of tide 
(point C). 

5. Using C, read the correction from the series of curves. 

6. Add (algebraically) the correction of step 5 to the low water height, to find the 
height at the given time. 

The problem illustrated in figure 924 is similar to that of example 1 given above. 
The duration of rise is 6°25", and the interval from low water is 5°23". The range of 
tide is 6.1 feet. The correction (by interpolation) is 5.7 feet. If the height of the pre- 
ceding low tide is (—)0.2 foot, the height of tide at the given time is (—)0.2+5.7=5.5 
feet. To solve example 2 by the graph, enter the lower graph and find the intersection 
of the vertical line representing 5.0 feet and the curve representing 3.6 feet (the. mini- 
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Figure 924.—Graphical solution for height of tide at any time. 


PILOTING PAE) 


mum acceptable height above low water). From this point follow horizontally to the 
sine curve, and then vertically to the horizontal line in the upper figure representing the 
duration of rise of 6°22™. From the curve, determine the interval 4°10". The earliest 
time is about 4°10™ after low water, or at about 0958. 

925. Tidal current tables are somewhat similar to tide tables, but the coverage is 
less extensive, being given in two volumes. Each volume is arranged as follows: 

Table 1 contains a complete list of predicted times of maximum currents and slack, 
with the velocity (speed) of the maximum currents, for a number of reference stations. 

Table 2 gives differences, ratios, and other information related to a relatively large 
number of subordinate stations. 

Table 3 provides information for use in finding the speed of the current at any time 
between tabulated entries in tables 1 and 2. 

Table 4 gives the number of minutes the current does not exceed stated amounts, 
for various maximum speeds. 

Table § (Atlantic Coast of North America only) gives information on rotary tidal 
currents. 

Each volume contains additional useful information related to currents. Extracts 
from the tables for the Atlantic Coast of North America are given in appendix U. 
Before the edition having predictions for 1958, the arrangement of tables 1 and 2 were 
somewhat different than shown. 

926. Tidal current predictions for reference stations.—The extracts of appendix 
U are for The Narrows, New York Harbor. Times are given on the 24-hour basis, for 
meridian 75° W. 

For each day, the date and day of week are given, with complete current information. 
Since the cycle is repeated twice each tidal day, currents at this place are semidiurnal. 
On most days there are four slack waters and four maximum currents, two of them 
floods (f) and two of them ebbs (e). However, since the tidal day is longer than the 
civil day, the corresponding condition occurs later from day to day, and on certain 
days there are only three slack waters or three maximum currents. At some places, 
the current on some days runs maximum flood twice, but ebb only once, a minimum 
flood occurring in place of the second ebb. The tables show this information. 

As indicated by appendix U, the sequence of currents at The Narrows on Wednes- 
day, February 26, 1958, is as follows: 

0000 Flood current, 8" after maximum velocity (speed). 

0300 Slack, ebb begins. 

0625 Maximum ebb of 1.6 knots, setting 160°. 

1019 Slack, flood begins. 

1217 Maximum flood of 1.1 knots, setting 340°. 

1512 Slack, ebb begins. 

1840 Maximum ebb of 1.5 knots, setting 160°. 

2216 Slack, flood begins. 

2400 Flood current, 42™ before maximum velocity (speed). 

Only one maximum flood occurs on this day, the previous one having occurred 8 
minutes before the day began, and the following one predicted for 42 minutes after the 
day ends. 

927. Tidal current predictions for subordinate stations.—For each subordinate 
station listed in table 2 of the tidal current tables, the following information is given: 

Number. The stations are listed in geographical order and given consecutive num- 
bers, as in the tide tables (art. 923). At the end of each volume an alphabetical listing 
is given, and for each entry the consecutive number is shown, to assist in finding the 


entry in table 2. 
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Place. The list of places includes both subordinate and reference stations, the 
latter being given in bold type. ; Sue . 

Position. The approximate latitude and longitude are given to assist. in locating 
the station. The latitude is north or south and the longitude east or west as indi- 
cated by the letters (N, S, E, W) next above the entry. The current given is for the 
center of the channel unless another location is indicated by the station name. 

Time difference. Two time differences are tabulated. One is the number of hours 
and minutes to be applied to the tabulated times of slack water at the reference station 
to find the times of slack waters at the subordinate station. The other time difference 
is applied to the times of maximum current at the reference station to find the times of 
the corresponding maximum current at the subordinate station. The intervals, which 
are added or subtracted in accordance with their signs, include any difference in time 
between the two stations, so that the answer is correct for the standard time of the subor- 
dinate station. Limited application and special conditions are indicated by footnotes. 

Velocity (speed) ratios. Speed of the current at the subordinate station is found 
by multiplying the speed at the reference station by the tabulated ratio. Separate 
ratios may be given for flood and ebb currents. Special conditions are indicated 
by footnotes. 

As indicated in appendix U, the currents at Chelsea Docks (No. 1005) can be found 
by adding 1°30™ for slack water and 1°40™ for maximum current to the times for The 
Narrows, and multiplying flood currents by 0.9 and ebb eurrents by 1.2. Applying 
these to the values for Wednesday, February 26, 1958, the sequence is as follows: 

0000 Flood current, 1232™ before maximum velocity (speed). 

0132 Maximum flood of 1.4 knots, setting 010°. 

0430 Slack, ebb begins. 

0805 Maximum ebb of 1.9 knots. 

1149 Slack, flood begins. 

1357 Maximum flood of 1.0 knots, setting 010°. 

1642 Slack, ebb begins. 

2020 Maximum ebb of 1.8 knots. 

2346 Slack, flood begins. 

2400 Flood current, 14™ after slack. 

928. Finding speed of tidal current at any time.—Table 3 of the tidal current 
tables provides means for determining the approximate velocity (speed) at any time. 
Instructions for its use are given below the table, which is reproduced in appendix U. 

Erample 1.—Find the speed of the current at Chelsea Docks at 1500 on February 
26, 1958. 

Solution.—The given time is between the maximum flood of 1.0 knots at 1357 and 
the slack at 1642 (art. 927). The interval between slack and maximum current (1642 
— 1857) is 2°45". The interval between slack and the desired time (1642—1500) is 1242™. 
Enter the table (A) with 2°40" at the top, and 1°40™ at the left side (the nearest tabulated 
values to 2'45™ and 1°42™, respectively), and find the factor 0.8 in the body of the 
table. The approximate speed at 1500 is 0.8X1.0=0.8 knot, and it is flooding. 

Answer.—Speed 0.8 kn. 

It may be desired to determine the period during which the current is less (or 
greater) than a given amount. Table 4 of the tidal current tables can be used to de- 
termine the period during which the speed does not exceed 0.5 knot. For greater 
speeds, and for more accurate results under some conditions, table 3 of the tidal current 
tables can be used, solving by reversing the process used in example 1. 

Example #.—During what period on the evening of February 26, 1958, does the 
ebb current equal or exceed 1.0 knot at Chelsea Docks? 
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Solution.—The maximum ebb of 1.8 knots occurs at 2020. This is preceded by a 
slack at 1642, and followed by the next slack at 2346. The interval between the earlier 
slack and the maximum ebb is 3°38™, and the interval between the ebb and following 
slack is 3"°26™. The desired factor is E=0.6. Enter table A with 3°40™ (the nearest 
tabulated value to 3°38™) at the top, and follow down the column to 0.6 (midway 
between 0.5 and 0.7). At the left margin the interval between slack and the desired 
time is found to be 1°30™ (midway between 1°20™ and 1°40"). Therefore, the current 
becomes 1.0 knot at 1642+ 1°30"=1812. Next, enter table A with 3"20™ (the nearest 
tabulated value to 3"26™) at the top, and follow down the column to 0.6. Follow this 
line to the left margin, where the interval between slack and desired time is found to 
be 1°20". Therefore, the current is 1.0 knot or greater until 2346—1"20™"=2226. If 
the two intervals between maximum current and slack were nearest the same 20™ 
interval, table A would have to be entered only once. 

Answer.—The speed equals or exceeds 1.0 knot between 1812 and 2226. 

929. Current diagrams.—A current diagram is a graph showing the speed of the 
current along a channel at different stages of the tidal current cycle. The current 
tables include such diagrams for Boston Harbor; Vineyard and Nantucket Sounds (one 
diagram); East River, New York; New York Harbor; Delaware Bay and River (one 
diagram); Chesapeake Bay; South San Francisco Bay; and North San Francisco Bay. 
The diagram for New York Harbor is reproduced in appendix U. 

On this diagram each vertical line represents a given instant identified in terms 
of the number of hours before or after slack at The Narrows. Each horizontal line 
represents a distance from Ambrose Channel Entrance, measured along the usually- 
traveled route. The names along the left margin are placed at the correct distances 
from Ambrose Channel Entrance. The current is for the center of the channel opposite 
these points. The intersection of any vertical line with any horizontal line represents 
a given moment in the current cycle at a given place in the channel. If this inter- 
section is in a shaded area, the current is flooding; if in an unshaded area, it is ebbing. 
The speed in knots can be found by interpolation (if necessary) between the numbers 
given in the body of the diagram. The given values are averages. To find the value 
at any given time, multiply the speed found from the diagram by the ratio of mazi- 
mum. speed of the current involved to the maximum shown on the diagram, both values 
being taken for The Narrows. If the diurnal inequality is large, the accuracy can be 
improved by altering the width of the shaded area to fit conditions. The diagram 
covers 1% current cycles, so that the right-hand third is a duplication of the left-hand 
third. 

If the current for a single station is desired, table 1 or 2 should be used. The 
current diagrams are intended for use in either of two ways: First, to determine a 
favorable time for passage through the channel. Second, to find the average current 
to be expected during any passage through the channel. For both of these uses a 
number of “‘speed lines” are provided. When the appropriate line is transferred to the 
correct part of the diagram, the current to be encountered during passage is indicated 
along the line. 

Example.—During the morning of January 10, 1958, a ship is to leave Pier 83 at 
W. 42nd St., and proceed down the bay at ten knots. 

Required.—(1) Time to get underway to take maximum advantage of a favorable 
current, allowing 15 minutes to reach mid channel. 

(2) Average speed over the bottom during passage down the bay. 

Solution.—(1) Transfer the line (slope) for ten knots southbound to the diagram, 
locating it so that it is centered on the unshaded ebb current section between W. 42nd 
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St. and Ambrose Channel Entrance. This line crosses a horizontal line through W. 
42nd St. about one-third of the distance between the vertical lines representing three 
and two hours, respectively, after ebb begins at The Narrows. The setting is not 
critical. Any time within about half an hour of the correct time will result in about the 
same current. Between the points involved, the entire speed line is in the ebb current 
area. 

(2) Table 1 indicates that on the morning of January 10 ebb begins at The Narrows 
at 0050. Two hours forty minutes after ebb begins, the time is 0330. Therefore, the 
ship should reach mid channel at 0330. It should get underway 15 minutes earlier, 
at 0315. 

(3) To find the average current, determine the current at intervals (as every two 
miles), add, and divide by the number of entries. 


Distance Current 
18 2 
16 1.4 
14 1.9 
12 es 
10 2.0 

8 1.9 
6 eS 
4 iE 2, 
2 1.4 
0 IL 
sum 14.8 


The sum of 14.8 is for ten entries. The average is therefore 14.8+10=—1.5 knots. 

(4) This value of current is correct only if the ebb current is an average one. 
From table 1 the maximum ebb involved is 2.2 knots. From the diagram the maximum 
value at The Narrows is 2.0 knots. Therefore, the average current found in step (3) 
should be increased by the ratio 2.2--2.0=1.1. The average for the run is therefore 
1.5X1.1=1.6 knots. Speed over the bottom is 10+1.6—11.6 knots. 

Answers.—(1) T 0315, (2) S 11.6 kn. 

In the example, an ebb current is carried throughout the run. If the transferred 
speed line had been partly in a flood current area, all ebb currents (those increasing 
the ship’s speed) should be given a positive sign (+), and all flood currents a negative 
sign (—). A separate ratio should be determined for each current (flood or ebb), and 
applied to the entries for that current. In Chesapeake Bay it is not unusual for an 
outbound vessel to encounter three or even four separate currents during passage down 
the bay. Under the latter condition, it is good practice to multiply each current taken 
from the diagram by the ratio for the current involved. 

If the time of starting the passage is fixed, and the current during passage is 
desired, the starting time is identified in terms of the reference tidal cycle. The 
speed line is then drawn through the intersection of this vertical time line and the 
horizontal line through the place. The average current is then determined in the same 
manner as when the speed line is located as described above. 


Miscellaneous 


930. Allowing for turning characteristics of vessel.—When precise piloting is 
necessary (as in an area where maneuvering space is limited, when a specified anchorage 
1s approached, or when steaming in formation with other ships), the turning char- 
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acteristics of the vessel should be consid- 
ered. That is, a ship does not complete 
a turn instantaneously, but follows a 
curve the characteristics of which depend 
upon the vessel’s length, beam, underwater 
contour, draft, etc. From the moment 
the rudder is put over until the new 
course is reached, the vessel moves a cer- 
tain distance in the direction of the origi- 
nal course. This distance is called ad- 
vance. The distance the vessel moves 
perpendicular to the original course line 
during the turn is called transfer. These 
terms are illustrated in figure 930a. The 
amount of advance and transfer for a 
given vessel depends primarily upon the 
amount of rudder used and the angle 
through which the ship is to be turned. 
The speed of the vessel has little ef- 
fect. Allowance for advance and trans- 
fer is illustrated in the following example. 


<—_——._ Advance ~——_} 


<— — — Transfer -- ae 


End of Turn 


~<-Start of Turn 


Original Course 


Figure 930a.—Advance and transfer. 


Example (fig. 930b).—A ship proceeding on course 100° is to turn 60° to the left 


to come on a range which will guide it up a channel. 


of rudder used, the advance is 920 yards and the transfer is 350 yards. 


Figure 930b.—Allowing for advance and transfer. 


For a 60° turn and the amount 
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Required.—The bearing of flagpole “FP.” when the rudder is put over. 

Solution.—(1) Extend the original course line, AB. 

(2) At a perpendicular distance of 350 yards, the transfer, draw a line A’B’ 
parallel to the original course line AB. The point of intersection, C, of A’B’ with the 
new course line (located by the range) is the place at which the turn is to be completed. 

(3) From C draw a perpendicular, CD, to the original course line, intersecting it 
at D. 

(4) From D measure the advance, 920 yards, back along the original course line. 
This locates EF, the point at which the turn should be started. 

(5) The direction of “FP.” from EH, 058°, is the bearing when the turn should be 
started. 

Answer.—B 058°. 

931. Anchoring.—If a vessel is to anchor at a predetermined point, as in an as- 
signed berth, an established procedure should be followed to insure accuracy of placing 
the anchor. In the case of naval vessels, it is desired that the error not exceed ten yards. 
This requires a high order of navigational accuracy. Several procedures have been 
devised. ‘The following is representative (fig. 931). 
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Figure 931.—Anchoring. 
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The position selected for anchoring is located on the chart. The direction of 
approach is then determined, considering limitations of land, shoals, other vessels, etc. 
Where conditions permit, the approach should be made heading into the current or, 
if the wind has a greater effect upon the vessel, into the wind. It is desirable to ap- 
proach from such direction that a prominent object, or preferably a range, is available 
dead ahead to serve as a steering guide. It is also desirable to have a range or promi- 
nent object near the beam at the point of letting go the anchor. If practicable a 
straight approach of at least 500 yards should be provided to permit the vessel to 
steady on the required course. The track is then drawn in, allowing for advance and 
transfer during any turns. 

Next, a circle is drawn with the selected position of the anchor as the center, and 
with a radius equal to the distance between the hawsepipe and pelorus, alidade, etc., 
used for measuring bearings. The intersection of this circle and the approach track, 
point A, is the position of the vessel (bearing-measuring instrument) at the moment 
of letting go. A number of arcs of circles are then drawn and labeled as shown in figure 
931. The desired position of the anchor is the common center of these arcs. The 
selected radii may be chosen at will. Those shown in figure 931 have been found to 
be generally suitable. In each case the distance indicated is from the small circle. 
Turning bearings may also be indicated. 

During the approach to the anchorage, fixes are plotted at frequent intervals, the 
measurement and plotting of bearings going on continuously, usually to the nearest 
half or quarter degree. The navigator advises the captain of any tendency of the vessel 
to drift from the desired track, so that adjustments can be made. The navigator 
also keeps the captain informed of the distance to go, to permit adjustment of the speed 
so that the vessel will be nearly dead in the water when the anchor is let go. 

At the moment of letting go, the position of the vessel should be determined as 
accurately as possible, preferably by two simultaneous horizontal sextant angles, or 
by simultaneous or nearly simultaneous bearings of a number of prominent landmarks. 

A number of variations may suggest. themselves. One occasionally mentioned is 
as follows: An inverted compass rose (0° at south) is placed around each landmark used. 
A thumb tack with an attached thread is inserted at the symbol of two landmarks. One 
observer continually notes the bearing of each object. Alternately they call out the 
bearings. The navigator takes one thread in each hand and maintains a slight strain. 
As each bearing is called out, he adjusts the appropriate thread by means of the reverse 
compass rose. The point of intersection of the two threads is the position of the vessel. 
By this means the ship can be ‘‘walked in” to the anchorage. This method is particu- 
larly to be recommended when one landmark is on each bow. 

The exact procedure to use depends upon local conditions, number and training 
of available personnel, equipment, and personal preference of individuals concerned. 
Whatever the procedure, it should be carefully planned, and any needed advance 
preparations should be made early enough to avoid haste and the attendant danger of 
making a mistake. Teamwork is important. Each person involved should under- 
stand precisely what is expected of him. 

932. Piloting and electronics.—Many of the familiar electronic aids to navigation 
are used primarily in piloting. The radio direction findec provides bearings through 
fog and at greater distance from the aids. Distance finding stations provide distances 
which might not otherwise be available. The sonic depth finder provides frequent or 
continuous soundings. Radar provides bearings, distances, and information on the 
location and identity of various targets. Some of the longer range systems such as 
loran, consol, and Decca extend piloting techniques far to sea, where nearness of shoals 
and similar dangers is not a problem. Electronic aids, whether applicable primarily 
to piloting or to other forms of navigation, are discussed in part three (chs. X—XIII). 
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933. Practical piloting.—In pilot waters, navigation is primarily an art. It is 
essential that the principles explained in this chapter be mastered and applied in- 
telligently. From every experience the wise navigator acquires additional knowledge 
and improves his judgment. The mechanical following of a set procedure should not 
be expected to produce satisfactory results always. 

While piloting, the successful navigator is somewhat of an opportunist, fitting his 
technique to the situation at hand. If a vessel is steaming in a large area having 
relatively weak currents and moderate traffic, like Chesapeake Bay, fixes may be 
obtained at relatively long intervals, with a dead reckoning plot between. In a narrow 
channel with swift currents and heavy traffic, like the East River between Manhattan 
and Long Island, New York City, an almost continuous fix is needed. In such an 
area the navigator may draw the desired track on the chart and obtain fixes every 
few minutes, or even seconds, directing the vessel back on the track as it begins to drift 
to one side. 

If the navigator is to traverse unfamiliar waters, he studies the chart, sailing direc- 
tions or coast pilot, tide and tidal current tables, and light lists to familiarize himself with 
local conditions. The experienced navigator learns to interpret the signs around him. 
The ripple of water around buoys and other obstructions, the direction and angle of 
tilt of buoys, the direction at which vessels ride at anchor, provide meaningful informa- 
tion regarding currents. The wise navigator learns to interpret such signs when the 
position of his vessel is not in doubt. When visibility is poor, or available information 
is inconsistent, the ability developed at favorable times can be of great value. 

With experience, a navigator learns when a danger angle or danger bearing is useful, 
and what ranges are reliable and how they should be used. However familiar one is 
with an area, he should not permit himself to become careless in the matter of timing 
lights for identification, plotting his progress on a chart, or keeping a good recent position. 
Fog sometimes creeps in unnoticed, obscuring landmarks before one realizes its presence. 
A series of frequent fixes obtained while various aids are visible provides valuable 
information on position and current. 

Practical piloting requires a thorough familiarity with principles involved and 
local conditions, constant alertness, and judgment. A study of avoidable groundings 
reveals that in most cases the problem is not lack of knowledge, but failure to use or 
interpret available information. Among the more common errors are: 

1. Failure to obtain or evaluate soundings. 

2. Failure to identify aids to navigation. 

3. Failure to use all available navigational aids. 

4. Failure to correct charts. 

5. Failure to adjust a magnetic compass or maintain an accurate table of cor- 
rections. 

6. Failure to apply deviation, or error in its application. 

7. Failure to apply variation, or to allow for change in variation. 

8. Failure to check gyro and magnetic compass readings at frequent and regular 
intervals. 

9. Failure to keep a dead reckoning plot. 

10. Failure to plot information received. 

11. Failure to properly evaluate information received. 

12. Poor judgment. 

13. Failure to do own navigating (following another vessel). 


14. Failure to obtain and use information available on charts and in various 
publications. 
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15. Poor ship organization. 
16. Failure to “keep ahead of the vessel.” 
Further discussion on practical piloting is given in chapter XXITI. 


Problems 


904. The navigator of a vessel on gyro course 214° obtains a relative bearing on a 
lighthouse of 86° left. The gyro error is 1°W, deviation of the standard compass is 
3° W, and variation is 13°E. 

Required.—The (1) gyro, (2) true, (3) standard-compass, and (4) magnetic 
bearings of the lighthouse. 

Answers.—(1) Bpge-128°, (2) TB 127°, (3) CB 117°, (4) MB 114°. 

Problems 906a-909g, 911a-911lc, and 916b are based upon the following fictitious 
aids to navigation, which can be plotted on a large-scale plotting sheet (art. 324) ora clear 
part of a coast chart for the appropriate latitude. The latitude range of these problems 
is from 40°20’N to 40°40’N. Approach charts to New York include this range. 
The longitude range is from 164°20’W to 164°40’W. In these problems the gyro 
compass is the reference for all courses and bearings, and it is considered to be without 


re Latitude Longitude 
Jones Point Light 40°20'6 N 164°20°5 W 
Parker Point Light 40°23'7 N 164°21'2 W 
Point Carlson Light 40°22'0 N 164°28'3 W 
North Baker Range Light 40°33/9 N 164°38/2 W 
South Baker Range Light 40°31/5 N 164°34'7 W 
Hanford Mid-channel Buoy 40°22'9 N 164°34'1 W 
Water tower 40°36/2 N 164°27°9 W 
West Bank Lightship 40°39'5 N 164°20'3 W 
Cupola 40°25'4 N 164°21'3 W 


906a. A navigator of a vessel on course 075° observes Jones Point Light to bear 
56° right at the same time an assistant observes Parker Point Light to bear 46° left. 

Required.—The fix at the time of the bearings. 

Answer.—Fix: L 40°21/9N, d 164°22'5 W. 

906b. A vessel under way in fog obtains simultaneous radar ranges (distances) on 
Point Carlson Light bearing southerly (3.0 miles) and Parker Point Light (5.5 miles). 

Required.The fix at the time of the distance measurements. 

Answer.—Fix: L 40°25/0N,  164°28/2 W. 

906c. A vessel under way with the Baker Range dead ahead observes Point Carlson 
Light broad on the port beam. 

Required.—The fix at the time Point Carlson Light is abeam. 

Answer.—Fix: L 40°24/9N, » 164°25/0 W. 

906d. The navigator of a vessel on course 110° measures the vertical sextant 
angle between the top of Point Carlson Light and the horizon at the same time the light 
bears dead ahead. The top of the light is 230 feet above the water and the sextant 
angle is 0°18/3. The height of eye of the observer is 30 feet. There is no IC. 

Required.—The fix at the time the angle is measured. 

Answer.—Fix: L 40°24/4N, d 164°37/0 W. 

906e. A vessel is under way with the Baker Range dead ahead. The South Baker 
Range Light is 5.0 miles off by radar. 

Required.—The fix at the time of measurement. 
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Answer.—Fix: L 40°28/2N,  164°29/8 W. 

906f. A southbound vessel passes Hanford Mid-channel Buoy close aboard at 0327. 

Required.—The fix at this time. 

Answer.—Fix: L 40°22/9N, » 164°34/1 W. 

907a. Using horizontal sextant angles, a navigator measures the angle between 
South Baker Range Light and Point Carlson Light to be 54°14’. At the same time 
an assistant measures the angle between Parker Point Light and Point Carlson Light 
to be 25°04’. 

Required.—The fix at the time of observation. 

Answer.—Indeterminable because the three lights and the vessel are all located 
on the circumference of the same circle. 

907b. Using horizontal sextant angles, a navigator measures the angle between 
South Baker Range Light and Point Carlson Light to be 85°45’. At the same time an 
assistant measures the angle between Parker Point Light and Point Carlson Light to 
be! 35-107: 

Required.—The fix at the time of observation. 

Answer.—Fix: L 40°31‘6N, \ 164°27'6 W. 

908. About 0229 the navigator of a vessel observes the following bearings: 


Jones Point Light 150° 
Point Carlson Light 263° 
Parker Point Light 020° 
Point Carlson Light 266° 
Jones Point Light 154° 


The time intervals between bearings are approximately equal. The bearing on 
Parker Point Light is obtained at 0229. 

Required.—(1) The bearings to plot for an 0229 fix. 

(2) The 0229 fix. 

Answers.—(1) Jones Point Light, B 152°; Point Carlson Light, B 264%°; Parker 
Point Light, B 020°. (2) 0229 fix: L 40°22‘5N, » 164°21/8 W. 

909a. A vessel is underway on course 071°, speed 15.0 knots. At 1150 the water 
tower bears 051°. At 1200 the tower bears 009°. 

Required.—The 1200 running fix. 

Answer.—1200 R fix: L 40°34/9N, \ 164°28/2 W. 

909b. At 1205 the vessel of problem 909a changes course to 047°, and at 1210 the 
water tower bears 270°. 

Required.—The 1210 running fix, by advancing the 1200 bearing line and crossing 
it with the 1210 bearing line. 

Answer.—1210 R fix: L 40°36/2N, » 164°25/4 W. 

909c. Under way in fog, a vessel on course 188°, speed 5.0 knots, passes west of 
the West Bank Lightship and at 0613 it is 1.2 miles off by distance finding signals. At 
0622 the distance is 1.8 miles. 

Required.—The 0622 running fix. 

Answer.—0622 R fix: L 40°38/1 N, \ 164°21/8 W. 

909d. The navigator of a vessel on course 052°, speed 13.5 knots, observes Point 
Carlson Light bearing 079° at 2117. 

Required—The distance off when abeam if Point Carlson Light is abeam at (1) 
2126, (2) 2129, (3) 2139. 

Answers.—(1) D 1.1 mi., (2) D 1.4 m3) aera 


909e. The navigator of a vessel on course 000° observes South Baker Range Light 
bearing 324° at 0551 and 270° at 0600, 
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Required.—The distance off when abeam if the vessel is making good (1) 15.0 kn., 
(2) 16.0 kn., (3) 17.0 kn. 

Answers.—(1) D 1.6 mi., (2) D 1.8 mi., (3) D 1.9 mi. 

909f. The navigator of a vessel obtains bearings on West Bank Lightship, as follows: 
033° at 1423, 021° at 1435, 010° at 1443. 

Required.—The course being made good over the ground. 

Answer.—COG 073°. 

909g. A vessel on course 214°, speed 14.0 knots, fixes its position at latitude 
40°33‘0N, longitude 164°21'5W at 1200. At 1254 a second fix places the vessel at 
latitude 40°22‘0N, longitude 164°32’5 W. 

Required.—The set and drift of the current during the run. 

Answers.—Set 249°, drift 1.6 kn. 

910a. The navigator of a vessel steaming at 17 knots observes the following pairs 
of relative bearings on different landmarks and seamarks as indicated: 


Relative Relative 

Time Object bearing Time Object bearing 
(Dt 4237, A 318° (B)\t5 11325 C ooon 
1258 A 292° 1350 C 303° 
(2) 1306 B 040° (4) 1401 D 281° 
1321 B 059° 1452 D 254. 


Required.—In each case, the distance off at the time of the second bearing, and the 
distance when abeam, using table 7. 


Answers .— 
Object Dist. at 2nd bearing Dist. abeam 
(1) A 9.2 8.5 
(2) B 8.3 Tal 
(3) C 57 4.8 
(4) D 34. 8 34. 0 


910b. A vessel is steaming on course 193° at 20 knots. The following true bearings 
are observed on the objects indicated: 


True True 

Time Object Bearing Time Object Bearing 

(1) 0800 A 229° (4) 0912 D 215°5 
0836 A 265° 0927 D 238° 
(2) 0840 B 238° (5) 0929 E 223° 
0855 B 283° 0954 E 253° 
(3) 0855 C 25625 (6) 0959 F 233- 
0906 C 283° 1031 F 272° 


Required.—Without plotting, and without the use of table 7, determine the dis- 
tances off A, B, D, and E at the time of the second bearing, and the distances off B, C, 
D, E, and F when abeam. 


Answers.— 
Object Dist. at 2nd bearing Dist. abeam 

(1) A 1270 =. 

(2) B 5. 0 5. 0 
(3) C — eo 
(4) D 5. 0 3.5 
(5) E 8.3 ine 
(6) en a ine) 26 
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91la. Two shoals to the south of South Baker Range Light are marked by buoys. 
The positions of the buoys are reported to be unreliable because of the recent passage of 
astorm. At the narrowest point in the channel the position of the danger sounding on 
each side is lat. 40°25‘5N, long. 164°37'2 W; and lat. 40°25'7N, long. 164°35/6 W. 

Required.—The maximum and minimum danger bearings on South Baker Range 
Light to clear the shoals. 

Answers.—B 018° and B 007°. 

911b. A vessel is to pass along the coast north of Parker Point and inside a sub- 
merged rock a short distance offshore. In this area the five-fathom curve (the danger 
sounding) is farthest offshore at lat. 40°24'5N, long. 164°22'3W. The closest safe 
approach to the rock is at lat. 40°24‘4N, long. 164°22'9 W. 

Requred.—The maximum and minimum horizontal sextant angles between 
Parker Point Light and the prominent cupola to the north of it which will permit safe 
passage between the five-fathom curve and the rock. 

Answers.—Danger angles: 92° and 68°. 

911c. A vessel steaming at 13.0 knots has West Bank Lightship abeam at 0311, 
and immediately begins a course change to keep the lightship broad on the beam. At 
0316 the change in heading is noted. 

Required.—(1) Distance off if the heading change is 19°. 

(2) Distance off if the heading change is 16°. 

Answers.—(1) D 3.2 mi., (2) D 3.9 mi. 

916a. A lookout at a height of eye of 55 feet observes a flashing light on the horizon. 
The light is timed and identified as a navigational light 117 feet above sea level. 

Required.—The distance of the vessel from the light when it is first observed. 

Answer.—D 20.9 mi. 

916b. The light of Hanford Mid-channel Buoy is located 11 feet above sea level 
and has a charted range of 6 miles. At 0207 a vessel on course 221°, speed 15 knots, 
passes West Bank Lightship abeam, 0.9 mile to starboard. The height of eye on the 
bridge is 48 feet. 

Required.—(1) The distance at which the navigator, on the bridge, can expect 
to see the buoy light in clear weather with good visibility. 

(2) The time and bearing at which the light should be sighted. 

Answers.—(1) D 6.0 mi., (2) T 0302, B 202°. 

916c. A navigational light 120 feet above sea level has a charted range of 
17 miles. 

Required.—The distance at which an observer at a height of eye of 60 feet can expect 
to see the light. 

Answer.—D 17 to 21.4 mi., depending upon the luminous range of the light. 

920. The mean high water lunitidal interval at a certain portis 2°17": 

Requred.—The approximate times of each high and low water on a day when 
the moon transits the local meridian at 1146. 

Answers.—HW at 0139 and 1403, LW at 0751 and 2015. 

922. List chronologically the times and heights of all tides at New York (The 
Battery) on February 11, 1958. 


Answer.— 
Time Tide Height 
0157 HW 4.5 ft. 
0831 LW (—) 0.1 ft. 
1423 HW a Si1ts 


2049 LW (50.1 fb 
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923. List chronologically the times and heights of all tides at Castle Point, 
Hoboken, N. J. (No. 1569) on March 18, 1958. 


Answer.— 
Time Tide Height 
0113 LW (—) 0.3 ft. 
0723 HW 4 ott, 
1336 LW (—) 0.4 ft. 
1945 HW 4.3 ft. 


924a. Find the height of tide at Union Stock Yards, New York (No. 1573) at 
0600 on February 6, 1958. 

Answer.—Ht. of tide at 0600, 0.3 ft. 

924b. The captain of a vessel drawing 24 feet wishes to pass over a temporary 
obstruction near Bayonne, N. J. (No. 1555) having a charted depth of 22 feet, passage 
to be made during the evening of March 5, 1958. 

Required.—The earliest and latest times that the passage can be made, allowing 
a safety margin of two feet. 

Answers.—Earliest time 1806, latest time 2148. 

926. Determine the sequence of currents at The Narrows on January 8, 1958. 

Answer.— 


0000 Ebb current, 56™ after slack. 
0222 Maximum ebb of 2.3 knots. 
0543 Slack, flood begins. 

0821 Maximum flood of 2.2 knots. 
1135 Slack, ebb begins. 

1454 Maximum ebb of 2.5 knots. 
1828 Slack, flood begins. 

2051 Maximum flood of 1.9 knots. 
2357 Slack, ebb begins. 

2400 Ebb current, 3™ after slack. 


927. Determine the sequence of currents at Highlands Bridge, Shrewsbury River 
(No. 1083) on January 5, 1958. 
Answer .— 


0000 Ebb current, 22™ before maximum velocity (speed). 
0022 Maximum ebb of 2.7 knots. 

0351 Slack, flood begins. 

0628 Maximum flood of 3.3 knots, setting 170°. 

0940 Slack, ebb begins. 

1302 Maximum ebb of 3.0 knots. 

1644 Slack, flood begins. 

1855 Maximum flood of 2.6 knots, setting 170°. 

2150 Slack, ebb begins. 

2400 Ebb current, 1°11™ before maximum velocity (speed). 


928a. Find the speed of the current at Bear Mountain Bridge (No. 1029) at 0900 


on February 19, 1958. 

Answer.—Speed 0.5 kn. 

928b. At about what time during the morning of February 3, 1958, does the flood 
current northwest of The Battery (No. 1001) reach a speed of 1.0 knot? 

Answer.—T 0525. 
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929. A vessel arrives at Ambrose Channel Entrance two hours after flood begins 
at The Narrows on the morning of February 16, 1958. 

Required.—(1) The speed through the water required to take fullest advantage of 
the flood tide in steaming to Chelsea Docks. 

(2) The average current to be expected. 

(3) Estimated time of arrival off Chelsea Docks. 

Answers.—(1) S 9 kn., (2) S 1.4 kn., (3) ETA 0608. 

930. A vessel on course 337° begins a 90° turn at half right rudder when a buoy 
is close aboard. When the heading is 067°, the buoy bears 192°, distant 1225 yards 
by radar. 

Required.—Advance and transfer. 

Answers.—Advance 1,000 yards, transfer 712 yards. 

931. In the solution of this problem, a plotting sheet covering the area between 
latitudes 40°29’35” N and 40°30’25” N, and longitudes 164°19’35” W and 164°20’50” W 
will be needed. The plotting sheet or chart used for other problems of this chapter 
will be suitable if the scale is adjusted so that one graduation equals 50 feet (two 
graduations equal one second of arc). 

A vessel in convoy receives orders to anchor in lat. 40°29’50” N, long. 164°20’25” W. 
After studying the chart, the navigator and captain select two landmarks to use as 
reference points in making the approach. Landmark A is located at lat. 40°29’40” N, 
long. 164°20’50” W; landmark B at lat. 40°30’20”N, long. 164°20’30”W. It is 
decided that the approach will be made with landmark A dead ahead. The gyro 
repeater to be used in taking bearings is located 200 feet abaft the hawsepipes. 

Required.—(1) The course during approach. The bearings of landmark B when 
there are (2) 1,000 yards, (3) 600 yards, (4) 400 yards, (5) 200 yards, (6) 100 yards, 
(7) 0 yards (the let-go point) to go, assuming the vessel keeps landmark A dead ahead. 

Answers.—(1) C 242%5, (2) B 29575, (3) B 31420, (4) B 325°5, (5) B 337°5, 
(6) B 343°5, (7) B 349%5. 
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CHAPTER X 


RADIO WAVES 


1001. Source of radio waves.—All matter is made up of tiny particles called atoms. 
Each atom has a central nucleus composed principally of subatomic particles called 
protons and neutrons. One or more electrons revolve around the nucleus in orbits 
_ resembling those of planets around the sun (art. 1407). The number and arrangement 
of the particles constituting an atom of each element of matter determine the properties 
of that element. Electrons, each having a mass of only about 1/1,840 that of a proton 
or neutron, are kept in their orbits principally by means of an attractive electrical force, 
each electron carrying one negative “charge” and each proton one positive “charge.” 
Like charges repel and unlike charges attract. This electrical attraction is additional 
to the gravitational attraction existing between all particles in the universe. The 
neutron is electrically neutral. 

Under suitable conditions, some electrons become detached from their atoms. 
An excess or deficiency of electrons in a nonconductor is called static electricity. A 
substance which provides a path for electron movement with relatively little resistance 
is called a conductor. A flow of electrons along such a conductor constitutes an electric 
current, although the current direction is conventionally considered to be opposite 
to the direction of flow of the electrons. A direct current flows continuously in the 
same direction. If the strength of the current varies rhythmically but does not change 
direction, the current is said to be pulsating. If the direction of flow periodically re- 
verses, an alternating current results. 

In addition to its electrical and gravitational forces, a moving electron is accom- 
panied by a magnetic force. As long as the flow is steady, the magnetic force is con- 
stant. If a conductor is in the region of influence or field of magnetism, there is no 
noticeable effect unless the strength of the field is changing, or relative motion exists 
between the conductor and the field, when an induced current flows in the conductor. 
The extent to which a substance has electrons free to move under suitable influence 
determines its value as a conductor. One which offers great resistance to such flow is 
called an insulator. 

In a suitable electrical system, an electric charge creates a magnetic field which 
builds up to a maximum. If the electric current is then discontinued, the magnetic 
field collapses. This change in the strength of the magnetic field induces an electric 
current in the conductor, but in the opposite direction to the original current. This 
current creates a new magnetic field, and the cycle repeats. Thus, an alternating 
current is produced, the strength increasing to a maximum in one direction, decreasing 
to zero, increasing to a maximum in the opposite direction, and again decreasing to zero 
to start a new cycle. This cycle is repeated many times each second, the number 
depending upon the characteristics of the system. Such a system is called an os- 
cillating circuit. é, 

A relatively small amount of energy is dissipated as heat in overcoming the resist- 
ance of the circuit. The remainder continues to oscillate between electric and magnetic 
fields. The build-up and collapse of each field occurs at about the speed of light, which 
is approximately 186,000 statute miles (300,000,000 meters) per second. If a relatively 
long period of time is available for the cycle to occur, the energy is fully transferred 
before the next step occurs. However, if the cycle is speeded until the time needed 
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for each field to build up or collapse is more than about one-half cycle, some of the 
energy becomes detached and is radiated into space, through which it travels at about 
the speed of light. This electromagnetic radiation, having both electrical and magnetic 
properties, is known as radio waves, if of a frequency suitable for radio communication. 
1002. Radio wave terminology.—The build-up and collapse of the electric 
and magnetic fields are proportional to the sine of the portion of the cycle completed, 
as shown in figure 1002. This representation has led to the use of the term ‘‘wave’’ 
when referring to electromagnetic propagation. The highest point on the curve (in 
the direction considered positive) is the crest, and the lowest point the trough. Either 
point may be called the peak, considered positive or negative if a distinction is desired. 
The displacement of a peak from zero is called the amplitude. The forward side of 
any wave is called the wave front. For a nondirectional antenna each wave proceeds 
outward as an expanding sphere (or hemisphere). 
One cycle is a complete sequence of values, as from crest to crest. The distance 
traveled by the energy during one cycle is the wave length, usually expressed in metric 
units (meters, centimeters, 
ra 1 NCLeeg etc.). The number of cycles 
repeated during unit time (usu- 
PSA ally one second) is the fre- 
quency. ‘This is given in cycles 
per second (cps), kilocycles per 
second (kc), megacycles per 
second (mec), or occasionally 
kilomegacycles per second 
(kme). A _ kilocycle is 1,000 


Crest 


AMPLITUDE 


FIELD STRENGTH 
<= oOo —_> 


Trough cycles, a megacycle is 1,000,000 

i ___TIiME OR cycles, and a kilomegacycle is 
DISTANCE 1,000,000,000 cycles. Wave 

Ficure 1002.—Radio wave terminology. length and frequency are in- 


versely proportional. The 

approximate value of either may be found by dividing 300,000,000 by the other 

quantity, if wave length is expressed in meters and frequency in cycles per second. 

Thus, if the frequency is 1,500 kilocycles per second (1,500,000 cps), the wave 
300,000,000 


length is 7.500.000 7229 meters. If the wave length is ten centimeters (0.1 meter), 
the frequency is about 200,000,000 _3,000,000,000 cycles per second or three kilomega- 


cycles (usually expressed as 3,000 megacycles). A more precise value for the speed of 
propagation in air is 299,708,000 meters per second. This is equivalent to 186,230 
statute miles, or 161,829 nautical miles, per second. The exact value varies slightly 
with density of the medium through which the wave travels, and frequency. The 
speed in a vacuum is a little more than that in air. 

The phase of a wave is the amount by which the cycle has progressed from a speci- 
fied origin. For most purposes it is stated in circular measure, a complete cycle being 
considered 360°. Generally, the origin is not important, principal interest being the 
phase relative to that of some other wave. Thus, two waves having crests one-fourth 
cycle apart are said to be 90° “out of phase.” If the crest of one wave occurs at the 
trough of another, the two are 180° out of phase. 

1003. Electromagnetic spectrum.—The entire range of electromagnetic radiation 
frequencies is called the electromagnetic spectrum. The range of frequencies suitable 
for radio transmission, called the radio spectrum, extends from ten kilocycles per second 
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.to 300,000 megacycles per second, approximately. For convenience, it is divided into 
a number of bands, as shown in table 1003. Below the radio spectrum, but overlap- 
ping it, is the audio frequency band, extending from 20 to 20,000 cycles per second, 
approximately. This is the range of frequencies that can be heard by the human 
ear. Above the radio spectrum are heat and infrared, the visible spectrum (light in 
its various colors), ultraviolet, X-rays, gamma rays, and cosmic rays. These are in- 
cluded in table 1003. Waves shorter than one meter are sometimes called microwaves. 


Band een ae Range of frequency Range of wave length 

Audio frequency AF 20 to 20,000 eps 15,000,000 to 15,000 m 
Radio frequency RF 10 ke to 300,000 me 30,000 m to 0.1 cm 

Very low frequency VLF 10 to 30 ke 30,000 to 10,000 m 

Low frequency LF 30 to 300 ke 10,000 to 1,000 m 

Medium frequency MF 300 to 3,000 ke 1,000 to 100 m 

High frequency HF 3 to 30 mc 100 to 10 m 

Very high frequency VHF 30 to 300 me 10 tol m 

Ultra high frequency UHF 300 to 3,000 mc 100 to 10 cm 

Super high frequency SHF 3,000 to 30,000 me 10 to 1 cm 

Extremely high frequency| EHF 30,000 to 300,000 me 1 to 0.1 cm 
Heat and infrared * 10® to 3.9108 me 0.03 to 7.610 em 
Visible spectrum * 3.9X 108 to 7.9108 mc 7.6X10-5 to 3.8 10-5 cm 
Ultraviolet * 7.9X 108 to 2.310% me | 3.8X10-5 to 1.3X10-§ cm 
X-rays * 2.0 10° to 3.01013 me | 1.5X10-5 to 1.0X10- cm 
Gamma rays * 2.3X 10"%to 3.0X10"% me | 1.31078 to 1.0X10-" cm 
Cosmic rays * >4.8X 10% me < 6.2 10-12 cm 


* Values approximate. 
Table 1003.—Electromagnetic spectrum. 


1004. Polarization.—As indicated in article 1001, radio waves have both electrical 
and magnetic properties. The two fields are conceived as having direction associated 
with the orientation of the vibrations. The direction of the electric component of the 
field is called the polarization of the electromagnetic field. Thus, if the electric com- 
ponent is vertical, the wave is said to be ‘‘vertically polarized,” and if horizontal, 
“horizontally polarized.”’ A wave traveling through space may be polarized in any 
direction. One traveling along the surface of the earth is always vertically polarized 
because the earth, a conductor, short-circuits any horizontal component. The magnetic 
field and the electrical field are always mutually perpendicular. 

1005. Reflection—When radio waves strike a surface, they are reflected in the 
same manner as light waves, if conditions are favorable. Radio waves of all frequencies 
are reflected by the surface of the earth. The strength of the reflected wave depends 
upon grazing angle (the angle between the incident ray and the horizontal), type of po- 
larization, frequency, reflecting properties of the surface, and divergence of the reflected 
ray. Lower frequency results in greater penetration. At very low frequencies usable 
radio signals can be received some distance below the surface of the sea. 

A change of phase takes place when a wave is reflected from the surface of the 
earth. The amount of the change varies with the conductivity of the earth and the 
polarization of the wave, reaching a maximum of 180° for a horizontally polarized 
wave reflected from sea water (considered to have infinite conductivity). When 
direct waves (those traveling from transmitter to receiver in a relatively straight line, 
without reflection) and reflected waves arrive at a receiver, the total signal is the vector 
sum of the two. If the signals are in phase, they reinforce each other, producing a 
stronger signal. If there is a phase difference, the signals tend to cancel each other, 
the cancellation being complete if the phase difference is 180° and the two signals 
have the same amplitude. This interaction of waves is called wave interference. A 
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phase difference may occur because of the change of phase of a reflected wave, or 
because of the longer path followed by it. The second effect decreases with greater 
distance between transmitter and receiver, for under these conditions the difference 
in path lengths is smaller. At lower frequencies there is no practical solution to 
interference caused in this way. For VHF and higher frequencies the condition can 
be improved by elevating the antenna, if the wave is vertically polarized. Also, 
interference at higher frequencies can be more nearly eliminated because of the 
greater ease of beaming the signal to avoid reflection. 

Reflections may also occur from mountains, trees, and other obstacles. Such 
reflection is negligible for lower frequencies, but becomes more prevalent as frequency 
increases. In radio communication it can be reduced by using directional antennas, 
but this solution is not always available for navigational systems. 

Various reflecting surfaces occur in the atmosphere. At high frequencies, reflec- 
tions take place from rain. At still higher frequencies, reflections are possible from 
clouds, particularly rain clouds. Reflections may even occur at a sharply defined 
boundary surface between air masses, as when warm, moist air flows over cold, dry 
air. When such a surface is roughly parallel to the surface of the earth, radio waves 
may travel for greater distances than normal. A somewhat similar condition is 
described in article 1006. The principal source of reflection in the atmosphere is the 
ionosphere (arts. 1007, 1008). 

1006. Refraction of radio waves is similar to that of light waves (art. 1613). 
Thus, as a signal passes from air of one density to that of a different density, the direc- 
tion of travel is altered. The principal cause of refraction in the atmosphere is the 
difference in temperature and pressure occurring at various heights and in different 
air masses. 

Refraction occurs at all frequencies, but at those below 30 mc the effect is small as 
compared with ionospheric effects (art. 1008), diffraction (art. 1009), and absorption 
(art. 1010). At higher frequencies, refraction in the lower layer of the atmosphere 
extends the radio horizon to a distance about 15 percent greater than the visible 
horizon. The effect is the same as if the radius of the earth were about one-third 
greater than it is, and there were no refraction. 

Sometimes the lower portion of the atmosphere becomes stratified with horizontal 
layers of air having certain characteristics, resulting in nonstandard temperature and 
moisture changes with height. If there is a marked temperature inversion (art. 3815) 
or a sharp decrease in water vapor content with increased height, a horizontal radio 
duct may be formed. High frequency radio waves traveling horizontally within the 
duct are refracted to such an extent that they remain within the duct, following the 
curvature of the earth for phenomenal distances. This is called super-refraction. 
Maximum results are obtained when both transmitting and receiving antennas are 
within the duct. There is a lower limit to the frequency affected by ducts. It varies 
from about 200 mc to more than 1,000 me. 

At night, surface ducts may occur over land due to cooling of the surface. At sea, 
surface ducts about 50 feet thick may occur at any time in the trade wind belt. Surface 
ducts 100 feet or more in thickness may extend from land out to sea when warm air from 
the land flows over the cooler ocean surface. Elevated ducts from a few feet to more 
than 1,000 feet in thickness may occur at elevations of 1,000 to 5,000 feet, due to the 
settling of a large air mass. This is a frequent occurrence in Southern California and 
certain areas of the Pacific Ocean. 

Refraction effects associated with the ionosphere are discussed in article 1008. 

A bending in the horizontal plane occurs when a ground wave (art. 1008) crosses a 
coast at an oblique angle. This is due to a marked difference in the conducting and 
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reflecting properties of the land and water over which the wave travels. The 
effect is known as coastal refraction or land effect. 

1007. The ionosphere.—Since an atom normally has an equal number of negatively 
charged electrons and positively charged protons, it is electrically neutral. An ion 
is an atom or group of atoms which has become electrically charged, either positively 
or negatively, by the loss or gain of one or more electrons. 

Loss of electrons may occur in a variety of ways. In the atmosphere, ions are 
usually formed by collision of atoms with rapidly moving particles, or by the action of 
cosmic rays or ultraviolet light. In the lower portion of the atmosphere, recombination 
soon occurs, leaving a small percentage of ions. In thin atmosphere far above the surface 
of the earth, however, atoms are widely separated and a large number of ions may be 
present. The region of numerous positive and negative ions and unattached electrons 
is called the ionosphere. The extent of ionization depends upon the kinds of atoms 
present in the atmosphere, the density of the atmosphere, and the position relative to 
the sun (time of day and season). After sunset, ions and electrons recombine faster 
than they are separated, decreasing the ionization of the atmosphere. 

An electron can be separated from its atom only by the application of greater 
energy than that holding the electron. Since the energy of the electron depends 
primarily upon the kind of an atom of which it is a part, and its position relative to the 
nucleus of that atom, different kinds of radiation may cause ionization of different 
substances. 

In the outermost regions of the atmosphere the density is so low that oxygen 
exists largely as separate atoms, rather than combining as molecules as it does nearer 
the surface of the earth. At great heights the energy level is low and ionization from 
solar radiation is intense. Thisis known asthe F layer. Above this level the ionization 
decreases because of the lack of atoms to be ionized. Below this level it decreases 
because the ionizing agent of appropriate energy has already been absorbed. During 
daylight, two levels of maximum F ionization can be detected, the F, layer at about 
125 statute miles above the surface of the earth, and the F, layer at about 90 statute 
miles. At night, these combine to form a single F layer. 

At a height of about 60 statute miles the solar radiation not absorbed by the F 
layer encounters, for the first time, large numbers of oxygen molecules. Anew maximum 
ionization occurs, known as the E layer. The height of this layer is quite constant, in 
contrast with the fluctuating F layer. At night the E layer becomes weaker, sometimes 
completely disappearing. 

Below the E layer a weak D layer forms at a height of about 45 statute miles, where 
the incoming radiation encounters ozone (Os) for the first time. The D layer is the 
principal source of absorption of HF waves, and of reflection of LF and VLF waves 
during daylight. 

1008. The ionosphere and radio waves.— When a radio wave encounters a particle 
having an electric charge, it causes that particle to vibrate. The vibrating particle 
absorbs electromagnetic energy from the radio wave and reradiates it. The net effect 
is a change of polarization and an alteration of the path of the wave. That portion of 
the wave in a more highly ionized region travels faster, causing the wave front to tilt 
and the wave to be directed toward a region of less intense ionization. 

Refer to figure 1008a, in which a single layer of the ionosphere is considered. Ray 
1 enters the ionosphere at such an angle that its path is altered, but it passes on through 
and proceeds outward into space. As the angle with the horizontal decreases, a critical 
value is reached where the ray (2) is bent or reflected back toward the earth. As the 
angle is still further decreased, as at 3, the return to earth occurs at a greater distance 
from the transmitter. 
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A wave reaching a receiver by way of the ionosphere is called a sky wave. This 
expression is also appropriately applied to a wave reflected from an air mass boundary. 
In common usage, however, it is generally associated with the ionosphere. The wave 
which travels along the surface of the earth is called a ground wave. At angles greater 
than the critical angle, no sky-wave signal is received. Therefore, there is a minimum 
distance from the transmitter at which sky waves can be received. This is called the 
skip distance, shown in figure 1008a. If the ground wave extends out for less distance 
than the skip distance, a skip zone occurs, in which no signal is received. 

The critical radiation angle depends upon the intensity of ionization, and the fre- 
quency of the radio wave. As the frequency increases, the angle becomes smaller. At 
frequencies greater than about 30 me virtually all of the energy penetrates through or is 
absorbed by the ionosphere. Therefore, at any given receiver there is a maximum 
usable frequency if sky waves are to be utilized. The strongest signals are received 
at or slightly below this frequency. There is also a lower practical frequency beyond 
which signals are too weak to be of value. Within this band the optimum frequency 
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Figure 1008a.—The effect of the ionosphere on radio waves. 


can be selected to give best results. It cannot be too near the maximum usable frequency 
because this frequency fluctuates with changes of intensity within the ionosphere. 
During magnetic storms the ionospheric density decreases. The maximum usable 
frequency decreases, and the lower usable frequency increases. The band of usable 
frequencies is thus narrowed. Under extreme conditions it may be completely elim- 
inated, isolating the receiver and causing a radio blackout. 

Sky-wave signals reaching a given receiver may arrive by any of several paths, 
as shown in figure 1008b. A signal which undergoes a single reflection is called a 
“one-hop”’ signal, one which undergoes two reflections witb a ground reflection between 
is called a “two-hop” signal, etc. A “multihop” signal undergoes several reflections. 
The layer at which the reflection occurs is usually indicated, also, as ‘one hop E,” 
“two hop F,”’ ete. / 

. Because of the different paths and phase changes occurring at each reflection, the 
various signals arriving at a receiver have different phase relationships. Since the 
density of the ionosphere is continually fluctuating, the strength and phase relation- 
ships of the various signals may undergo an almost continuous change. Thus, the 
various signals may reinforce each other at one moment and cancel each other at the 
next, resulting in fluctuations of the strength of the total signal received. This is 
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called fading. This phenomenon may also be caused by interaction of components 
within a single reflected wave, or changes in its strength due to changes in the reflecting 
surface. lIonospheric changes are associated with fluctuations in the radiation received 
from the sun, since this is the principal cause of ionization. Signals from the F layer 
are particularly erratic because of the rapidly fluctuating conditions within the layer 
itself. 

The maximum distance at which a one-hop-E signal can be received is about 
1,400 miles. At this distance the signal leaves the transmitter in approximately a 
horizontal direction. A one-hop-F signal can be received out to about 2,500 miles. 
At low frequencies ground waves extend out for great distances. 

A sky wave may undergo a change of polarization during reflection from the 
ionosphere, accompanied by an alteration in the direction of travel of the wave. This is 


_ F LAYER 
ye om. — ] - 
. & pre iS: z ax ERD, 
ia oe seo taal 8 : ont 
= = ee Pe ¢ \ Wie . 
A 
ea 
O 
(x. 
y < E LAYER , ey 
“ wan me : th *s w 
fe ss wok ae ene a , ; i =. Me 
. on =» rns SS N 
—— No, ee 
ote <eo ‘ : 
4Op 
&é 
GROUND \ 
REFLECTION 
Transmitter Receive, 


Figure 1008b.—Various paths by which a sky wave signal might be received. 


called polarization error. Near sunrise and sunset, when rapid changes are occurring 
in the ionosphere, reception may become erratic and polarization error a maximum. 
This is called night effect. 
1009. Diffraction—When a radio wave encounters an obstacle, its energy is re- 
flected or absorbed, causing a shadow beyond the obstacle. However, some energy 
does enter the shadow area because of diffraction. This is explained by Huygens’ 
principle, which states that every point on the surface of a wave front is a source of 
radiation, transmitting energy in all directions ahead of the wave. No noticeable effect 
of this principle is observed until the wave front encounters an obstacle, which inter- 
cepts a portion of the wave. From the edge of the obstacle, energy is radiated into 
the shadow area, and also outside of the area. The latter interacts with energy from 
other parts of the wave front, producing alternate bands in which the secondary radi- 
ation reinforces or tends to cancel the energy of the primary radiation. Thus, the 
practical effect of an obstacle is a greatly reduced signal strength in the shadow area, 
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Figure 1009.—Diffraction. 


and a disturbed pattern for a short distance outside the shadow area. This is illus- 
trated in figure 1009. 

The amount of diffraction is inversely proportional to the frequency, being greatest 
at very low frequencies. 

1010. Absorption and scattering.—The amplitude of a radio wave expanding out- 
ward through space varies inversely with distance. That is, it gets weaker with in- 
creased distance. The decrease of strength with distance is called attenuation. Under 
certain conditions the attenuation is greater than in free space. 

A wave traveling along the surface of the earth loses a certain amount of energy 
to the earth. The wave is diffracted downward and absorbed by the earth. As a 
result of this absorption, the remainder of the wave front tilts downward, resulting in 
further absorption by the earth. Attenuation is greater over a surface that is a poor 
conductor. Relatively little absorption occurs over sea water, which is an excellent 
conductor at low frequencies, and low frequency ground waves travel great distances 
Over water. 

A sky wave suffers an attenuation loss in its encounter with the ionosphere. The 
amount depends upon the height and composition of the ionosphere, as well as the 
frequency of the radio wave. Maximum ionospheric absorption occurs at about 
1,400 ke. 

In general, atmospheric absorption increases with frequency, being a problem only 
at SHF and EHF. At these frequencies, attenuation is further increased by scattering 
due to reflection by oxygen, water vapor, water droplets, and rain in the atmosphere. 
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1011. Noise.—Unwanted signals in a receiver are called interference. The inten- 
tional production of such interference to obstruct communication is called jamming. 
Unintentional interference is called noise. 

Noise may originate within the receiver. Hum is usually the result of induction 
from neighboring circuits carrying alternating current. Microphonic noise is the result 
of vibration of elements in an electron tube. Irregular crackling or sizzling sounds 
may be caused by poor contacts or faulty components within the receiver. Electron 
movement in normal components causes some noise. This source sets the ultimate 
limit of sensitivity (art. 1018) that can be achieved in a receiver. It is the same at 
any frequency. ‘ 

Noise originating outside the receiver may be either man-made or natural. Man- 
made noises originate in electrical appliances, motor and generator brushes, ignition 
systems, and other sources of sparks which transmit electromagnetic signals that are 
picked up by the receiving antenna. 

Natural noise is caused principally by discharge of static electricity in the atmos- 
phere. This is called atmospheric noise, atmospherics, or static. An extreme example 
is a thunderstorm. An exposed surface may acquire a considerable charge of static 
electricity. This may be caused by friction of water or solid particles blown against 
or along such a surface. It may also be caused by splitting of a water droplet which 
strikes the surface, one part of the droplet acquiring a positive charge and the other 
a negative charge. These charges may be transferred to the surface. The charge 
tends to gather at points and ridges of the conducting surface, and when it accumulates 
to a sufficient extent to overcome the insulating properties of the atmosphere, it dis- 
charges into the atmosphere. Under suitable conditions this becomes visible and is 
known as St. Elmo’s fire, which is sometimes seen at mastheads, the ends of yardarms, etc. 

Atmospheric noise occurs to some extent at all frequencies, but decreases with 
higher frequencies. Above about 30 mc it is not generally a problem. 

Since most of the noise occurs at low frequencies, it travels great distances and the 
accumulation may reach troublesome proportions at these frequencies, particularly 
during the summer in mountainous regions. 

1012. Antenna characteristics—Antenna design and orientation have a marked 
effect upon radio wave propagation. For a single-wire antenna, strongest signals are 
transmitted along the perpendicular to the wire, and virtually no signal in the direction 
of the wire. For a vertical antenna, the signal strength is the same in all horizontal 
directions. Unless the polarization undergoes a change during transit, the strongest 
signal received from a vertical transmitting antenna occurs when the receiving antenna is 
also vertical. 

For lower frequencies the radiation of a radio signal takes place by interaction 
between the antenna and the ground. For a vertical antenna, efficiency increases with 
greater length of the antenna. For a horizontal antenna, efficiency increases with 
ereater distance between antenna and ground. Near-maximum efficiency is attained 
when this distance is one-half wave length. This is the reason for elevating low fre- 
quency antennas to great heights. However, at the lowest frequencies, the required 
height becomes prohibitively great. At 10 ke it would be about eight nautical miles 
for a half-wave-length antenna. Therefore, lower frequency antennas are inherently 
inefficient. This is partly offset by the greater range of a low frequency signal of the 
same transmitted power as one of higher frequency. 

At higher frequencies, the ground is not used, both conducting portions being 
included in a dipole antenna. Not only can such an antenna be made efficient, but it 
can also be made sharply directive, thus greatly increasing the strength of the signal 
transmitted in a desired direction. 
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The power received is inversely proportional to the square of the distance from the 
transmitter, assuming there is no attenuation due to absorption or scattering. 

1013. Range.—The range at which a usable signal is received depends upon the 
power transmitted, the sensitivity of the receiver, frequency, route of travel, noise level, 
and perhaps other factors. For the same transmitted power, both the ground-wave and 
sky-wave ranges are greatest at the lowest frequencies, but this is somewhat offset by 
the lesser efficiency of antennas for these frequencies. At higher frequencies, only direct 
waves are useful, and the effective range is greatly reduced. Attenuation, skip distance, 
ground reflection, wave interference, condition of the ionosphere, atmospheric noise 
level, and antenna design all affect the distance at which useful signals can be received. 

1014. Frequency and radio wave propagation.—Frequency is an important con- 
sideration in radio wave propagation, as indicated previously. The following summary 
indicates the principal effects associated with the various frequency bands, starting 
with the lowest and progressing to the highest usable radio frequency. 

Very low frequency (VLF, 10 to 30 ke). For a given transmitted power, sky-wave 
signals travel tremendous distances, the ionosphere being most effective in reflecting 
waves of the lowest frequency. Diffraction is also maximum. However, because of 
the long wave length, large antennas are needed, and even these are inefficient, permit- 
ting radiation of relatively small amounts of power. Relatively little energy is reflected 
by the ground or other obstacles. Magnetic storms have little effect upon transmission 
because of the efficiency of the ionosphere in reflecting VLF waves. During such 
storms, VLF signals may constitute the only source of radio communication over great 
distances. However, interference from atmospheric noise may be troublesome. Sig- 
nals may be received below the surface of the sea. 

Low frequency (LF, 30 to 300 ke). As frequency is increased to the LF band, the 
ionosphere becomes less efficient as a reflector, diffraction decreases, ground losses 
increase, and range for a given power output falls off rapidly. However, this is partly 
offset by more efficient transmitting antennas, which can be made of a size practical 
for use aboard ship. The LF band is useful for radio direction finding (art. 1202) and 
ground-wave transmission over medium distances. 

Medium frequency (MF, 300 to 3,000 ke). Ground waves provide dependable 
service, but the range for a given power is reduced greatly, varying from about 400 
miles at the lower portion of the band to about 15 miles at the upper end for a trans- 
mitted signal of one kilowatt. These values are influenced, however, by the power of 
the transmitter, the directivity and efficiency of the antenna, and the nature of the 
terrain over which signals travel. Elevating the antenna to obtain direct waves may 
improve the transmission. At the lower frequencies of the band, sky waves are avail- 
able both day and night. As the frequency is increased, ionospheric absorption increases 
to a maximum at about 1,400 ke. At higher frequencies the absorption decreases, 
permitting increased use of sky waves. Since the ionosphere changes with the hour, 
season, and sunspot cycle, the reliability of sky-wave signals is variable. By careful 
selection of frequency, one can obtain ranges of as much as 8,000 miles with one kilowatt 
of transmitted power, using multihop signals. However, the frequency selection is 
critical. If it is too high, the signals penetrate the ionosphere and are lost in space. 
If it is too low, signals are too weak. In general, sky-wave reception is equally good by 
day or night, but lower frequencies are needed at night. The standard broadcast band 
for commercial stations (535 to 1,605 ke) and the authorized frequencies for loran (art. 
1302) are in the MF band. 

High frequency (HF, 3 to 30 me). As with higher medium frequencies, the ground- 
wave range of HF signals is limited to a few miles, but the elevation of the antenna may 
increase the direct-wave distance of transmission. Also, the height of the antenna 
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pec have an important effect upon sky-wave transmission because the antenna has an 

image” within the conducting earth. The distance between antenna and image is 
related to the height of the antenna, and this distance is as critical as the distance be- 
tween elements of an antenna system. Maximum usable frequencies (art. 1008) fall 
generally within the HF band. By day this may be 10 to 30 me, but during the night 
it may drop to eight to ten mc. The HF band is widely used for ship-to-ship and ship- 
to-shore communication. 

Very high frequency (VHF, 30 to 300 mc). Communication is limited primarily 
to the direct wave, or the direct wave plus a ground-reflected wave. Elevating the 
antenna to increase the distance at which direct waves can be used results in increased 
distance of reception, even though some wave interference between direct and ground- 
reflected waves is present. Diffraction is much less than with lower frequencies, but 
is most evident when signals cross sharp mountain peaks or ridges. Under suitable 
conditions, reflections from the ionosphere are sufficiently strong to be useful, but 
generally they are unavailable. There is relatively little interference from atmospheric 
noise in this band. Reasonably efficient directional antennas are possible with VHF. 
The VHF band is much used for communication with aircraft and for radio aids to air 
navigation. The first television and FM channels were within this band. 

Ultra high frequency (UHF, 300 to 3,000 mc). Sky waves are not used in the UHF 
band because the ionosphere is not sufficiently dense to reflect the waves, which pass 
through it into space. Ground waves and ground-reflected waves are used, although 
there is some wave interference. Diffraction is negligible, but the radio horizon extends 
about 15 percent beyond the visible horizon, due principally to refraction. Reception 
of UHF signals is virtually free from fading and interference by atmospheric noise. 
Sharply directive antennas can be produced for transmission in this band, which is 
coming into wider use for television and other line-of-sight transmission. 

Super high frequency (SHF, 3,000 to 30,000 mc). There are no sky waves in the 
SHF band, transmission being entirely by direct and ground-reflected waves. Diffrac- 
tion and interference by atmospheric noise are virtually nonexistent. Highly efficient, 
sharply directive antennas can be produced. Thus, transmission in this band is similar 
to that of UHF, but with the effects of shorter waves being greater. Reflection by 
clouds, water droplets, dust particles, etc., increases, causing greater scattering, in- 
creased wave interference, and fading. At the upper end of the band, absorption in 
the atmosphere increases as the frequency approaches that of molecular motion. Use 
of this band is largely experimental. 

Extremely high frequency (EHF, 30,000 to 300,000 mc). The effects of shorter 
waves are more pronounced in the EHF band, transmission being free from wave 
interference, diffraction, fading, and interference by atmospheric noise. Only direct 
and ground-reflected waves are available. Scattering and absorption in the atmosphere 
are pronounced and may produce an upper limit to the frequency useful in radio com- 
munication. The EHF band is a region of experimentation. 

1015. Regulation of frequency use.—While the characteristics of various fre- 
quencies are important to the selection of the most suitable one for any given purpose, 
these are not the only considerations. Confusion and extensive interference would 
result if every user had complete freedom of selection. Some form of regulation is 
needed. The allocation of various frequency bands to particular uses is a matter of 
international agreement. Within the United States the Federal Communications 
Commission has responsibility for authorizing use of particular frequencies. In some 
cases a given frequency is allocated to several widely separated transmitters, but only 
under conditions which minimize interference, as during daylight hours. Interference 
between stations is further reduced by the use of channels, each of a narrow band of 
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frequencies. That is, assigned frequencies are separated by an arbitrary band of 
frequencies that are not authorized for use. In the case of radio aids to navigation, 
ship communications, etc., bands of several channels are allocated, permitting selection 
of band and channel by the user. 

1016. Kinds of radio transmission.—A series of waves transmitted at constant 
frequency and amplitude is called a continuous wave (CW). This cannot be heard 
except at the very lowest radio frequencies, when it may produce, in a receiver, an 
audible hum of high pitch. 

Although a continuous wave may be used directly, as in radio direction finding 
(art. 1202) or Decca (art. 1309), it is more commonly modified in some manner. This 
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FIGURE 1016a.—Amplitude modulation (upper figure) aud frequency 
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is called modulation. When this occurs, the continuous wave serves as a carrier wave 
for information. Any of several types of modulation may be used. 

In amplitude modulation (AM) the amplitude of the carrier wave is altered in 
accordance with the amplitude of a modulating wave, usually of audio frequency, as 
shown in figure 1016a. In the receiver the signal is demodulated by removing the 
modulating wave and converting it back to its original form. This form of modulation 
1s widely used in voice radio, as in the standard broadcast band of commercial 
broadcasting. 

If the Srequency instead of the amplitude is altered in accordance with the amplitude 
of the impressed signal, as shown in figure 1016a, frequency modulation (FM) occurs. 
This is used for FM broadcasts and the sound portion of television broadcasts. 
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Pulse modulation (PM) is somewhat different, there being no impressed modulating 
wave. In this form of transmission, very short bursts of carrier wave are transmitted 
separated by relatively long periods of “silence,” during which there is no ifansmiiasionl 
This type of transmission, illustrated in figure 1016b, is used in some common radio 
navigational aids, including radar (art. 1208) and loran (art. 1302). 
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FicureE 1016b.—Pulse modulation. 


1017. Transmitters.—A radio transmitter consists essentially of (1) a power supply 
to furnish direct current, (2) an oscillator to convert direct current into radio-frequency 
oscillations (the carrier wave), (3) a device to control the generated signal, (4) an 
amplifier to increase the output of the oscillator. For some transmitters a microphone 
is needed with a modulator and final amplifier to modulate the carrier wave. In addi- 
tion, an antenna and ground (for lower frequencies) are needed to produce electromag- 
netic radiation. These components are illustrated diagrammatically in figure 1017. 
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Figure 1017.—Components of a radio transmitter. 


1018. Receivers.—When a radio wave passes a conductor, a current is induced 
in that conductor. A radio receiver is a device which accepts the power thus generated 
in an antenna, and transforms it into usable form. It should be able to select signals 
of a single frequency (actually a narrow band of frequencies) from among the many 
which may reach the receiving antenna. If necessary, the receiver should be able to 
demodulate the signal, and always it should provide adequate amplification. The 
output of a receiver may be presented audibly by earphones or loud speaker; or visually 
on a dial, cathode ray tube (art. 1019), counter, or other display. Thus, the useful 
reception of radio signals requires three components: (1) an antenna, (2) a receiver, 
and (3) a display unit. 

Radio receivers differ mainly in (1) frequency range, the range of frequencies to 
which they can be tuned; (2) selectivity, the ability to confine reception to signals of 
the desired frequency and avoid others of nearly the same frequency; (3) sensitivity, 
the ability to amplify a weak signal to usable strength against a background of noise; 
(4) stability, the ability to resist drift from conditions or values to which set; and (5) 
fidelity, the completeness with which the essential characteristics of the original signal 
are reproduced. Receivers may have additional features such as an automatic fre- 
quency control, automatic noise limiter, etc. 
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Some of these characteristics are interrelated. For instance, if a receiver lacks 
selectivity, signals of a frequency differing slightly from those to which the receiver 
is tuned may be received. This condition is called spillover, and the resulting inter- 
ference is called cross talk. If the selectivity is increased sufficiently to prevent spill- 
over, it may not permit receipt of a great enough band of frequencies to obtain the 
full range of those of the desired signal. Thus, the fidelity may be reduced. 

1019. The cathode ray tube is a useful device for presenting certain types of 
information. This tube, with its associated controls, is often called an oscilloscope, 
or scope for short. In television receivers it is usually called the picture tube. 

The essential components of a cathode ray tube are shown in figure 1019. At the 
left is a cathode which serves as a source of electrons. In this usage it is called an 
electron gun. The electrons are collected and focused into a beam by a focusing 
anode, and then speeded up by an accelerating anode. If there were no other con- 
trols, the beam of electrons would travel the remainder of the length of the tube and 
strike the enlarged, curved surface of the tube face at its center, approximately. The 
inside of the face is coated with a material known as a phosphor (such as zinc sul- 
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Figure 1019.—A cathode ray tube. 


phide or calcium sulphide) which becomes luminous (phosphorescent) where a beam of 
electrons impinges upon it. If the beam is sharply focused, a dot of light appears at 
the point of impact. 

By means of the vertical deflection plates, the beam is bent upward or downward. 
This is accomplished by impressing electric charges on these plates. The beam, being 
negatively charged, is repelled by the negative plate and attracted by the positive 
plate. If an alternating current is used, the strength and polarity of the electric 
charge on each plate changes continually, causing the beam to be deflected alternately 
up and down. This results in vertical motion of the spot of light on the face of the 
tube. If the motion is sufficiently rapid, a vertical line appears on the face of the 
tube. This is true not only because of the persistency of vision within the eye, but 
also because the tube face does not immediately fade when the stream of electrons is 
moved to another point. This visible line is called a trace, and the motion of the dot 
in producing it, a sweep. A horizontal trace can be made by means of the horizontal 
een plates which operate in a manner similar to that of the vertical deflection 
plates. 

If both sets of plates are energized at the same time, the spot of light can be moved 
to various places on the face of the tube. If two alternating currents are properly 
synchronized, the spot can be made to trace repeatedly some pattern, such as a sine 
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wave. It is generally desirable to have one trace repeated in accordance with a pre- 
arranged plan, having the deflection such that motion in one direction across the 
face of the tube is relatively slow, and that in the opposite direction is very fast, so 
that the return of the spot to a starting point is almost instantaneous. Such a return 
is called flyback, and the faint trace that may be visible is called a retrace. The 
position of the spot along the trace can be used as a measurement of elapsed time 
since the spot was at some reference point. This is usually accomplished by having 
a received signal impress a momentary charge on the other set of deflecting plates, 
causing a deflection of the trace as the spot is momentarily moved to one side of the 
line; or by causing the reeeived signal to intensify the spot, causing it to glow brighter. 

By suitable controls, the trace can be divided into two or more parts, made to 
rotate, or take any of a great variety of motions and shapes. 

In a dark trace tube the spot appears dark on a lighter background. 

The cathode ray tube has many applications in electronic navigational equipment. 
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CHAPTER XI 
ELECTRONICS AND NAVIGATION 


1101. Electronics is the science and technology relating to the emission, flow, and 
effects of electrons in a vacuum or through a semiconductor such as a gas, and to 
systems using devices in which this action takes place. The widest use of electronics 
is in radio in its various forms. However, by the definition given above, electronics 
may be used in a secondary sense in a great many devices which are otherwise unrelated 
to radio. 

1102. Use of electronics in navigation.—The expression ‘electronic navigation” 
may imply a distinct type of navigation comparable to celestial navigation, piloting, 
and dead reckoning. However, the use of electronics by the navigator is nearly 
always in one of these fields, although it is true that piloting techniques have been 
extended far from shore. 

In celestial navigation, electronics is used for transmission of radio time signals 
to ships at sea, permitting the frequent checking of chronometers. A more direct 
application is the radio sextant. If the body is above the horizon, this instrument can 
measure altitudes of the sun and moon through an overcast or in clear weather, day or 
night. With further development, it may be possible to use this instrument for measure- 
ment of altitudes of other celestial bodies. 

In piloting, electronics has its widest application. In addition to the various 
radio aids commonly associated with navigation, electronics is used in the echo sounder 
(art. 619), sonar (art. 1108), and sofar (art. 1313). 

In dead reckoning, electronics is used in some devices for automatically determin- 
ing dead reckoning position. These may be essentially recording or indicating devices, 
or instruments for measuring speed and direction, as well as indicating the results of 
the measurements (art. 809). 

In addition to these applications of electronics to navigation, radio communication 
is helpful to the mariner. Weather maps and other information may be sent by fac- 
simile (art. 3828). Various navigational warnings are broadcast, as well as weather 
and ice reports and predictions, distress information, and even medical advice. In- 
formation concerning the various services available is given in H.O. Pubs. Nos. 117-A 
and 117-B, Radio Navigational Aids, and in 118-A and 118-B, Radio Weather Ads. 

The use of electronics for direct determination of positional information is related 
primarily to measurement of direction and measurement of distance or difference in 
distance. 

1103. Direction measurement at the receiving site is accomplished by means of a 
directional antenna. Nearly all antennas have some directional properties, but in 
the usual antenna used for radio communication, these properties are not sufficiently 
critical for navigational use. 

; A widely used directional antenna is in the form of a loop. Suppose a transmitted 
radio signal encounters such a loop oriented in the direction of travel of the radio 
signal, as shown in figure 1103a. If the diameter of the loop is half the wave length, 
the crest of one wave arrives at one side of the loop at the same time that the trough 
arrives at the opposite side, as shown. Thus, the currents induced in the two sides 
reiforce each other, causing maximum output from the antenna. A short time later, 
as the wave continues to move past the antenna, the crest reaches the other side of the 
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loop, and a new trough reaches the ap- 
proach side. A maximum current now 
flows in the opposite direction. There- 
fore, with the antenna in this orientation, 
an alternating current flows in the loop. 
Tf the loop diameter is less than half a 
wave length, the current is less than 
maximum. 

If the antenna is rotated 90°, the al- 
ternate crests and troughs arrive at both 
sides at the same time, tending to cause 
currents to flow in opposite directions around the loop. Under these conditions 
the two parts cancel each other, resulting in zero antenna output. This condition is 
called a null. 

As the antenna is rotated, its output varies with the angle relative to the direction 
of motion of the radio signal. This condition is illustrated in figure 1103b. The 
length of a line from the center to the outer edge of the shaded area represents the 
strength of the antenna output at that bearing, relative to the direction of motion of 
the radio wave. Thus, when it is in line, with either side of the loop toward the approach- 
ing signal, the output is maximum, and at 90° it is minimum. Since the change with 
bearing is most rapid near the region of minimum 
signal, this is the portion used for determination of 
direction. 

Because of the characteristics of the simple 
loop antenna, a 180° ambiguity exists. That is, 
a signal approaching from either of two directions 
180° apart would cause the same antenna output. 
This ambiguity can be resolved by using a vertical 
sense antenna in connection with a loop. The 
output from this wire, if the direction of motion of 
the signal is horizontal, is the same in all directions. 
Therefore, the polar diagram of its output is a circle, 
with the same polarity in all directions. If this 
output is exactly equal to the maximum of the 
loop, it will cancel the output from one side and 
double that from the other, since the polarity in the 
two sides is opposite. The resulting diagram of 
antenna output is shown in figure 1103c. With this 
arrangement, a single minimum exists, permitting 
the determination of which of the two reciprocal 
bearings is correct, thereby removing, the ambiguity. 
The loop antenna is then used for making the 
reading. This is the type of equipment commonly 
used with a radio direction finder (art. 1202). 

Two variations of the loop antenna are also 
used in radio direction finders. In one of these, 
4 the crossed loop type, two loops are rigidly mounted 
Ed in such manner that one is rotated 90° with respect 
to the other. The relative output of the two an- 
tennas is related to the orientation of each with 


Figure 1103a.—Principle of the loop antenna. 
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Figure 1103c.—Polar diagram of output of loop antenna with vertical sense 
antenna. 


respect to the direction of travel of the radio wave, and is measured by a device 
called a goniometer. This is the type antenna used in an automatic direction finder. 
In the other variation, the rotating loop type, a single loop is kept in rapid ro- 
tation by means of a motor. The antenna output is shown on a cathode ray tube, and 
the resulting display shows 

the direction of the signal. 

With higher frequencies, 

for which a dipole antenna is 

INCOMING used, a different method of 
RADIO achieving directional proper- 
WAVES ties is employed. The anten- 
na is placed at the focus of a 

reflecting parabola (art. O34). 

Incoming parallel beams are 

all reflected to the antenna, 

Frcure 1103d.—Principle of the parabolic reflector. which receives a concentra- 

tion of energy, as shown in 

figure 1103d. When the parabola is turned away from the approaching signal, little or 
no signal is received. The effectiveness of such an arrangement increases with higher 
frequency, for which an efficient antenna decreases in size, approaching a single 


point. This type antenna is used for radar (art. 1208), and the ramark beacon 
(art. 1210) depends upon it. 


PARABOLIC 
REFLECTOR 
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1104. Directional transmission.—The simple loop antenna, with or without a 
vertical sensing antenna, can be used for transmitting signals. The polar diagram 
of the strength of the transmitted signal is similar to that of the output of a receiving 
antenna, as shown in figure 11038b or figure 1103c. 

Where it is desired to maintain the same direction or directions of transmission, 
permanent large installations can be made and properly designed for maximum effi- 
ciency at the frequency used. This is called an Adcock antenna, which is similar in 
principle to the loop except that it is not connected across the top. 

For higher frequencies, the parabolic reflector is used to produce a beam of radio 
energy. The effect is similar to that of a searchlight. 

Various combinations of antennas and phase relationships are used to produce 
patterns of signals serving as a navigational system. Some of these are discussed in 
articles 1105 and 1106. 

1105. Radio tracks.—A track defined by radio may be called a “radio track.” 
One of the simplest methods is to use two Adcock antennas placed 90° with respect 
to each other. As shown in figure 1105, 
one antenna can be used to produce a ‘‘fig- 
ure 8’? pattern with its axis in a north- “by 
south direction, and a second one to pro- 
duce a similar pattern in an east-west 
direction. If each antenna transmits a 
characteristic signal, the lines along 
which these two signals are received with 
equal intensity represent radio tracks. 
This system, used in the radio ranges (art. 
1207) which for many years constituted 
the primary guidance along the federal 
airways of the United States, has a 90° 
ambiguity. The directions of the tracks 
can be altered by changing the orienta- Kt 
tion of the antennas, or by changing the Re 
phases of the signals from the two antennas. 

A variation of this system is the use Fieure 1105.—Radiation pattern of two Adcock 
of three or more antennas equally spaced antennas rotated 90° with respect to each other. 
along a straight line, the distance be- 
tween consecutive antennas being three wave lengths. By a combination of amplitudes 
and phase shifts, a series of equisignal tracks are produced. This system, known 
as elektra, was used by the Germans during the early part of World War II. It was 
the predecessor of the German sonne and British consol systems (art. 1206). 

At higher frequencies, radio tracks can be provided by parabolic reflectors. The 
disadvantage of such a system is that virtually no signal is received unless one is 
almost directly in line with the beam. 

Although ships have occasionally used radio tracks, particularly the four-course 
radio ranges, such systems have been designed primarily for use by aircraft. Simple 
track guidance, as here described, has been largely replaced by rotating beacons pro- 
viding multiple track guidance. 

1106. Rotating beacons may be used to provide an indication of direction without 
actual direction measurement at the receiver. In the earliest installations, a directional 
antenna was mounted on a vertical axis and rotated slowly at uniform speed. When 
a distinctive phase of the pattern, such as a null, passed through a reference direction 
(usually true or magnetic north), a nondirectional signal was transmitted. When this 
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signal was received, a stopwatch was started. The elapsed time from this moment 
until the distinctive phase was received was an indication of the direction of tbe re- 
ceiver from the transmitter. 

In later installations the antenna remains stationary and the radiation pattern is 
caused to rotate. In the vortac ranges (art. 1207) used for air navigation with respect 
to the federal airways, two signal patterns are transmitted by VHF antennas similar 
in principle to the Adcock antenna. The pattern of one remains fixed, and that of 
the other rotates. The result is a change of phase with direction. Along the refer- 
ence direction (magnetic north) from the transmitter the signals are in phase. The 
phase difference along any other radial is constant. The receiver measures the phase 
difference and indicates the direction on a dial. The receiver is also provided with a 
knob for selecting a. desired phase difference (direction) and a pointer to indicate 
whether the craft should go right or left to reach the desired radial. 

With three antennas in line, as in the elektra system, rotation is accomplished by 
slowly shifting the phase of the current in the two outer antennas. This, in combina- 
tion with periodic reversal of the direction of the current, produces alternate sectors of 
dot and dash signals. During the cycle of operation, the patterns rotate so that a 
portion of each pattern sweeps past the receiver. The relative number and order of 
dots and dashes is an indication of direction when referred to a table or special chart for 
interpretation. However, identical readings can be obtained in a number of sectors. 
A radio direction finder bearing, dead reckoning position, or other positional information 
can be used to resolve the ambiguity. As developed by the Germans, this system 
was known as sonne. The British further developed the system under the name 
consol (art. 1206). The American development is known as consolan. 

1107. Speed measurement can be accomplished electronically by utilizing the 
Doppler principle. A beam of electromagnetic energy can be transmitted from 
a moving craft. If this energy strikes an obstacle and some of the energy returns as an 
echo, it will have a slightly different apparent frequency because of the motion of the 
transmitter. The difference is proportional to the speed in the direction of the beam. 
If the beam is directed ahead or astern, the speed of the craft is indicated. If two 
beams are used with a fixed angle between them, and the two rotated about a vertical 
axis until both readings are the same, direction of motion can also be measured. In 
this case the measured speed is a fixed proportion of the actual speed. Thus, 
Doppler navigation (art. 809) is a dead reckoning system, since it provides measure- 
ment of both speed and direction of motion. This method is particularly applicable 
to aircraft. 

Another method of measuring speed and direction of motion is by inertial naviga- 
tion (art. 809). By this principle, fore-and-aft and athwartship accelerations are 
measured and automatically integrated once to provide a measurement of speed in each 
direction, and a second time to provide an indication of distance. 

Since both Doppler and inertial systems provide dead reckoning information, their 
errors are cumulative, tending to increase with time. 

1108. Distance measurement.—Since the speed of travel of radio waves is nearly 
constant, the time of travel between two points is directly proportional to the distance 
between the points. Therefore, it provides a possible method of determining distance 
if a means is available for measuring very small intervals of time. Considering the 
speed of radio waves as 186,230 statute miles per second, or 983,294,400 feet per second, 
a wave travels approximately 983 feet in one-millionth of a second. This small unit is 
te a microsecond (us). About 6.18 us are needed for a wave to travel one nautical 
mile. 


If signals are transmitted from a known point at established times, as every second 
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of GMT, and the time of reception at a second point is measured, the difference between 
the two times is an indication of distance. Such a system requires clocks that can be 
kept synchronized to a very small unit of time, perhaps one microsecond. 

Another method is to measure a time interval by means of a cathode ray tube 
(art. 1019). The reference or starting time needed for measurement of the interval is 
commonly provided by originating the signal at or near the receiving antenna. The 
signal travels to the ‘‘target’’ and back, the time required for the round trip being 
measured. This is the principle of radar (art. 1208). In primary radar, a reflected 
signal or echo is returned. In secondary radar, the transmitted signal serves as an 
interrogator to trigger a transponder, which immediately (or after a known delay) 
transmits a return signal. This is the principle of shoran (art. 1213), hiran (art. 1213), 
electronic position indicator (art. 1213), distance measuring equipment used with 
vortac (art. 1207), and racons (art. 1210). 

In order to utilize this principle, it is necessary to be able to transmit very shori 
bursts or ‘‘pulses” of energy. Otherwise, the return signal would be lost in the stronger 
outgoing signal. This is accomplished by means of pulse modulation (art. 1016), 
which permits transmission of signals during a period as short as a fraction of a micro- 
second, if needed. 

Distance through the water is measured in a similar manner, using sound waves. 
The short bursts of energy, usually in the ultrasonic range above audible frequencies, 
are produced electronically. Because of the much slower speed of sound waves, as 
compared with radio signals, the lengths of the individual pulses are correspondingly 
greater, and simpler means are generally used for measuring the time interval. This 
principle is used in sonar (from sound navigation and ranging) to measure horizontal 
distances, and in echo sounders (art. 619) to measure vertical distances. The term 
“sonar’’ is sometimes used in a general sense to include echo sounders. 

Another method of measuring distance electronically is by comparison of the phase 
difference between signals derived from two continuous wave transmissions of different 
frequency. A transmitter and a receiver are located at each of the points between which 
distance is to be measured. At each station the interaction between the transmitted 
and received signals produces signals of two additional frequencies, called beat frequen- 
cies, equal to the sum and difference, respectively, of the two signals. If one of these 
additional signals is transmitted from one station to the other and compared with the 
corresponding signal there, the phase difference is an indication of distance. If the 
distance between the stations is changing, a Doppler effect occurs, permitting measure- 
ment of speed. This is the operating principle of pure-range Raydist (art. 1214). 

Distance can also be measured by a combination of radio and sound signals. 
Simultaneous signals are transmitted by radio and by sound, either through the air or 
through the water. The difference in speed is so great that the travel time of the radio 
signal can be considered zero. Thus, the time interval between reception of the radio 
and sound signals is an indication of distance. This method is used only over relatively 
short distances, where the distance in nautical miles can be considered equal to the 
elapsed time in seconds divided by 1% if the sound travels through water, and by 5% 
if it travels through air. This was the first electronic method of determining distance 
and is still utilized in a number of distance finding stations (art. 1205). The method is 
sometimes used by surveyors, who have a special beacon for this purpose. The finding 
of distance by this beacon is called radio acoustic ranging (RAR), further discussed 
in article 1205. 

1109. Distance-difference measurement.—If synchronized signals from two sta- 
tions are transmitted, the difference in distance from the stations can be measured, 
either by means of the elapsed time interval between the arrival of the two signals, or 
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by measurement of the phase difference between the signals. If beat frequencies are 
used, synchronization may not be needed. 

Refer to figure 1109. Let M and S be two stations. Synchronization is achieved 
by letting the signals of 1, the master, control those of S, the slave. Circles M1, 
M2, M3, etc., are units of distance from MW; and circles $1, S2, S83, etc., are units of 
distance from S. If both signals are transmitted at the same instant, they will arrive 
together at any point along a line equidistant from the two stations. This center line 
is the perpendicular bisector of the base line joining the two stations. On a sphere, 
both center line and base line are great circles. 

The center line is the zero time difference line. If the M signal arrives at some 
point before the S signal, the time difference can be found by subtracting the M signal 
travel time (or distance) from the S signal travel time (or distance). If a line is drawn 
through all intersections at which units of distance from S are greater by one than those 
from M (S8, M7; S7, M6; S6, M5; etc.), a curve is formed, as shown at ‘“‘+1” in figure 
1109. A similar curve labeled ‘‘“—1” is formed if all points at which units of distance 
from S are less by one than those from M (M8, S7; M7, S6; etc.) are connected. The 
minus sign indicates that the M/ signal arrives (—)1 time unit before the S signal, 
or S—M=(—)1. On a plane surface, such curves are hyperbolas (art. 034) because 
they connect points of equal difference of distance between two fixed points. On a 
sphere, such curves are called spherical hyperbolas. On the spheroidal earth they are 
not plane hyperbolas, and differ somewhat from spherical hyperbolas. 

Other, more sharply curving hyperbolas are formed by connecting lines of greater 
time (distance) difference, as at (+)2, (—)2, (+)3, (—)3, ete. The maximum difference 
occurs along the base line extensions beyond the transmitters. This difference depends 
upon the distance between stations. A pattern of all positive readings can be obtained 
by delaying the start of the S signal until the M signal is received at S, or longer. 
Suppose the S signal is transmitted ten units after the M signal. The M signal for a 
base line six units long will already have traveled four units beyond S when the S signal 
leaves the transmitter. Therefore, the reading along the base line extension from S is 
(+)4, or ten more than shown in figure 1109. By the time the S signal arrives at the 
master transmitter, the M signal will be at ten (the delay) plus six (the number of 
units between M and S) units, or 16 units away. Therefore, the reading along the 
base line extension beyond M is 10+6=(+)16. Similarly it can be shown that all 
other readings are also increased by (+) 10. 

Each hyperbola becomes more nearly a straight line (great circle) as distance from 
the base line increases. At a distance from the center of the base line of five times the 
length of the base line, the departure of the hyperbola from a great circle becomes 
very small. For a “long” base line of several hundred miles, as in loran (art. 1302), 
the lines are considered curves over their entire length. This is also true of a “medium” 
base line as used in gee (art. 1308), Decca (art. 1309), Lorac (art. 1310), and hyperbolic 
Raydist (art. 1311), which are not used over such an extensive area. If the base line 
is very short, as in sonne and consol (art. 1312), the system is considered directional 
rather than hyperbolic, beyond a distance of a few miles from the station. 

Each hyperbola is a line of position. Accuracy of such a system is greatest along 
the base line, where the hyperbolas are most closely spaced. As the distance between 
consecutive lines increases, the accuracy decreases, being so low along the base line 
extensions that use of this part of the pattern is normally avoided. 

A hyperbolic system has the disadvantage of requiring two stations for a single 
family of lines of position. This can be partly overcome by using a series or chain 
of stations, so that each station except the end ones operates with the station on either 
side to form an intersecting lattice of position lines. This method is used with loran 
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(art. 1302). With Decca (art. 1309), a central master operates with three slaves sur- 
rounding it. Another disadvantage of a hyperbolic system is the need for computation 
of points along the hyperbolas. These points are computed in advance and tabulated, 
or plotted and connected by curves on special charts. This task is not normally 
performed by the user, but it does add to the cost of the system. 

An advantage of a hyperbolic system is that it may not require transmission from 
the craft, an important consideration in time of war. 

Hyperbolic lines of position may also be established by means of sound signals. 
Such a system, called sofar, is described in article 1313. 
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CHAPTER XII 
DIRECTION AND DISTANCE BY ELECTRONICS 


1201. Introduction.—Many systems have been proposed to utilize the various 
techniques described in chapter XI. Only the more prominent ones put to practical 
use are discussed in this chapter and the following one. 

1202. Radio direction finder (RDF).—The type radio direction finder commonly 
used aboard ship consists essentially of a loop antenna (art. 1103) that can be turned 
in any direction around a vertical axis, and some kind of indicator. In its usual form, 
the indicator consists of a compass rose with a pointer pivoted at its center. The 
pointer is so oriented to the antenna that it points toward the direction from which 
the signal is coming when the null is received. If the compass rose is oriented with 
0° in line with the ship’s head, the usual orientation in a permanent installation, 
measured directions are relative bearings. In many permanent installations, there is a 
course input from the gyro compass so that approximately true bearings are measured. 

Radio bearings may be taken on any received radio signal within frequency range 
of the receiver. At many locations radiobeacons are provided for this purpose. Their 
locations and identifying signals are shown on the chart by appropriate symbol (app. 
K) and the abbreviation ‘“R. Bn.’’, and are tabulated in H.O. Pub. No. 117, Radio 
Navigational Aids. When bearings are taken on other stations, one should be careful 
to determine the location of the transmitting antenna from which the signal is coming. 
This may not always be the same as a receiving antenna associated with the same 
station, and the signal may possibly be rebroadcast from another station. 

Along some foreign coasts direction finder stations are provided to obtain bearings, 
upon request, and transmit the information to the vessel requesting it. These stations 
are indicated on the chart by the letters ““R.D.F.’’, and listed in H.O. Pub. No. 117. 

1203. Errors of radio bearings.—Bearings obtained by radio direction finder are 
subject to certain errors, as follows: 

Quadrantal error. When radio waves arrive at a receiver, they are influenced 
somewhat by the environment, resulting in an erroneous indication of direction. Aboard 
ship this is a function of the relative bearing, normally being maximum for bearings 
broad on the bow and broad on the quarter. Its value for various bearings can be 
determined, and a calibration table made. The usual method of calibration is to obtain 
a series of simultaneous radio and visual bearings on a transmitter. This may be done 
while a ship swings at anchor, or more quickly by steaming in a circle within sight of 
a transmitter. Another method, when two ships are available, is for the second ship to 
transmit while circling the first. Naval vessels sometimes use this method while both 
ships are underway, proceeding between ports. A vector diagram solution, usually 
on a maneuvering board (art. 1212), can be used to determine the courses and speeds 
of the maneuvering vessel. Metal booms, cranes, etc., should be in their normal 
positions during calibration. If their positions are changed when the radio direction 
finder is used, an error may be introduced. 

Coastal refraction. As indicated in article 1006, a radio wave crossing a coast 
line at an oblique angle undergoes a change of direction due to difference in conducting 
and reflecting properties of land and water. This is sometimes called land effect. It 
is avoided by not using, or regarding as of doubtful accuracy, bearings of waves which 
cross a shore line at an oblique angle. If the transmitter is near the coast, negligible 
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error is introduced because of the short distance the waves travel before undergoing 
refraction. 

Polarization error. As indicated in article 1008, the direction of travel of radio 
waves may undergo an alteration during the confused period near sunrise or sunset, 
when great changes are taking place in the ionosphere. This error is sometimes called 
night effect. The error can be minimized by averaging several readings, but any radio 
bearings taken during this period should be considered of doubtful accuracy. 

Reciprocal bearings. Unless a radio direction finder has a vertical sensing wire 
(art. 1103), there is a possible 180° ambiguity in the reading. If such an error is 
discovered, one should take the reciprocal of the uncorrected reading, and apply the 
correction for the new direction. If there is doubt as to which of the two possible 
directions is the correct one, one should wait long enough for the bearing to change 
appreciably and take another reading. The transmitter should draw aft between 
readings. If the reciprocal is used, the station will appear to have drawn forward. 
A reciprocal bearing furnished by a direction finder station should not be used because 
the quadrantal error is not known, either on the given bearing or its reciprocal. 

In general, good radio bearings should not be in error by more than 2°. However, 
conditions vary considerably, and skill is an important factor. By practicing fre- 
quently when results can be checked by visual observation or by other means, one can 
develop skill and learn to what extent radio bearings can be relied upon under various 
conditions. Bearings taken ashore should be of slightly greater accuracy than those 
taken aboard ship. Shore stations indicate bearings of doubtful accuracy. These 
stations should not be asked to estimate the size of the probable error. 

1204. Using radio bearings.—A bearing obtained by radio, like one determined 
in any other manner, provides means for establishing a line of position. By heading 
in the direction from which the signal is coming, one can proceed toward, or home on, 
the transmitter. In thick weather one should avoid heading directly toward the 
source of radiation unless he has reliable information to indicate that he is some dis- 
tance away. In 1934 the Nantucket Lightship was rammed and sunk by a ship 
homing on its radiobeacon. 

Radio waves, like light, travel along great circles. Except in high latitudes, 
visual bearings can usually be plotted as straight lines on a Mercator chart, without 
significant error. Radio bearings, however, are often observed at such positions with 
respect to the transmitter that the use of a rhumb line is not satisfactory. Under 
these conditions it is customary to apply the conversion angle (art. 821) as a correction 
to the observed angle, to find the equivalent rhumb line. Such a correction is not 
needed when a bearing is plotted on a gnomonic chart or one on which a straight line 
is a good approximation of a great circle. In other situations, a correction may be 
necessary. 

If the transmitter and receiver are on the same meridian, or are both on the equator 
ho correction is needed because rhumb lines and great circles coincide under. thes¢ 
conditions. The size of the correction increases with degree of departure from these 
conditions, and with greater distance between transmitter and receiver. 

Conversion angles are given in table 1. This table is used to convert great circle 
to rhumb line directions or vice versa as in great circle sailing, radio, and consol bearings 
(art. 1206). If the difference of longitude is not more than 4°5, and the mid latitude 
between transmitter and receiver is not more than 85°, the first part of the table should 
be used. The simplifying assumptions used in the computation of this part of the 
table do not introduce a significant error within the limits of the table. 

The sign of the correction can be determined by referring to the rules given at the 
bottom of each page of table 1. These follow from the fact that the great circle is 
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Figure 1204.—Sign of conversion angle correction to radio bearings. 


nearer the pole than the rhumb line. It can be visualized by means of a simple sketch, 
as shown in figure 1204. 

Ezample—The DR position of a ship is lat. 42°15'2N, long. 9°48'6W. A 
radio bearing is taken on Cabo Montedor Light Station, at lat. 41°45’00” N, long. 
8°52/20” W. The reading, corrected for calibration error, is 125°5. 

Required.—The equivalent rhumb line bearing. 


Solution.— Latitude Longitude 
Receiver 42°15/2N . 9°48'6W 
Transmitter 41°45/0N 8°52'3 W 
Difference 30/2 56;3=0°9 
Mid latitude __ 42°0 
Correction (-+) 0°3 (from table 1) 
Great-circle bearing 125°5 
Rhumb line bearing 125°8 


Answer.—B 125°8. 

Radio bearings are plotted and labeled as any other bearing line (art. 904). If it is 
desired to indicate the nature of the bearing, the word “radio” might be added to the 
label, preferably below the line. Since radio bearings are generally somewhat less 
accurate than visual bearings, and often are observed at greater distances, positions 
obtained by them are generally considered of insufficient accuracy to be termed fixes, 
and so are usually considered estimated positions (art. 913). However, judgment 
should govern the reliance to be placed upon such positional information. A series 
of such positions may provide the basis for elimination of random errors, giving a 
reliable fix unless systematic errors (art. 2903) are present. 

Some navigators estimate or assume a probable error (usually of +2° unless 
conditions suggest another value) and plot lines on each side of the bearing line to 
indicate the probable area within which the vessel is presumed to be located. 

Radio bearings furnished by a direction finder station have been corrected for 
known errors at the receiver, but not for conversion angle. The latter should be 
applied by the user. 

1205. Distance finding stations.—At some locations a radio signal is synchronized 
with a sound signal which may be transmitted through either air or water. The 
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travel time of the radio signal is negligible compared to that of the sound signal. Con- 
sequently, the difference in time between reception of the two signals is proportional 
to the distance from the station. The distance in nautical miles is equal to the number 
of seconds of time interval divided by 5¥ if the sound travels through air, or by 1% if 
through water (or multiplied by 0.18 or 0.8, respectively). The distance so found is 
from the origin of the sound signal, which might differ somewhat from that of the radio 
signal. The distance may be in error by as much as ten percent. 

A light, portable, floating beacon, designed for use primarily in surveying, transmits 
radio signals through the air when triggered by a suitable sound signal. Determination 
of distance by the use of such a beacon is called radio acoustic ranging (RAR). 

1206. Consol is a long-range, short-base-line, hyperbolic system operating in the 
250-350 ke frequency range. The three antennas constituting a station are spaced 
at intervals of about three wave lengths. Beyond a distance of about 25 miles from 
the center station the lines of position can be considered great circles with negligible 
error. In use, the system is considered a directional one, the hyperbolic portion of 
the lines not being used. 

The radiation pattern of each station consists of alternate sectors of dot and dash 
signals, the sectors averaging 15° in width. During the “‘keying”’ cycle of 30 or 60 
seconds, this pattern rotates, the equisignal between dots and dashes moving through 
one sector. During this period, 60 signals (either dots or dashes) are transmitted. At 
any point along the dividing bearing between sectors at the beginning of the cycle, 60 
dots or 60 dashes should be received. Along any other bearing line the count of 60 is 
distributed between the two types of signal. The relative number of each, and their 
order, is related to the bearing of the receiver. 

The total count is generally less than 60 because the dot and dash sectors overlap, 
one type signal gradually fading as the other becomes stronger. The equisignal 
boundary is the line along which both signals are of equal intensity and neither can be 
distinguished. Several signals may be lost during passage of this sector. The number 
of signals lost (60 minus the actual count) should be distributed equally between the 
dots and dashes. If the difference is an odd number, the smaller correction should be 
applied to the count received first, because the ear can generally follow a fading signal 
to a lower degree of contrast than it can detect the first signal of a new series. This is 
particularly true when dots are received first. Thus, if the count is 25 dots and 30 
dashes, the total is 55, and 5 signals have been lost in the equisignal sector. The 
corrected count is 25-+2—27 dots, and 30+3=33 dashes. 

The great-circle bearing corresponding to the count is determined by referring 
to H.O. Pubs. Nos. 117—A and 117—B, a separate table being given for the dot and 
dash sectors of each station. If plotting is to be done on a Mercator chart, the con- 
version angle correction should be applied using the table given in H.O. Pubs. Nos. 
117-A and 117-B. Table 1 may also be used; however, the entering arguments of 
transmitter and receiver must be reversed. Special charts showing the lines or eradua- 
tions have been prepared by some foreign countries. 

The time of observation of a consol line of position is the moment at which 
the equisignal is heard. 

Under favorable conditions, the coverage area for a consol station extends outward 
for about 1,000 to 1,200 miles by day, and 1,200 to 1,500 miles by night, over water. 
Over land, or at any time that the noise level is high, these ranges may be reduced 
materially. The accuracy varies considerably over the pattern. Directionally, it is 
Peed along the great circle through the center antenna and perpendicular to the 

1e 0 antennas. At an angle of 60° to this perpendicular, the accuracy drops to a 
satan usable value. Therefore, there is a usable sector of about 120° on each side 
of the line of antennas, with an unusable sector of about 60° at each end of this line. 
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In terms of distance, the greatest angular error occurs within the range in which sky 
waves and ground waves mingle, between about 250 and 400 miles from the station. 

As a very general rule, for 95 percent of the time when ground waves are received, 
the error over water is not more than about one-third degree along the perpendicular, 
increasing to about twice this value at an angle of 60° to the perpendicular. In terms 
of miles, this is about one mile error for each 180 miles from the station along the 
perpendicular, and each 90 miles along the bearing line 60° from the perpendicular. 
For sky waves these values are about doubled, and when sky waves and ground waves 
are near the same amplitude, the error may be considerably larger. These values refer 
to single observations. The error is generally reduced by taking the average of several 
readings. On many occasions a good dead reckoning position is more reliable than a 
position obtained by consol. However, the method is valuable when the position is 
considerably in doubt, and is a useful check to prevent gross errors by other methods. 
If the position is so seriously in doubt that the sector is uncertain, a bearing by radio 
direction finder should resolve the ambiguity. 

A reading cannot be made oftener than once every one or two minutes, depending 
upon the cycle of operation. Each 30- or 60-second “keying cycle” is followed by a 
period of equal length, during which a continuous tone and identification are trans- 
mitted. No special equipment is required beyond an ordinary medium frequency 
communication receiver, and very little skill or training is needed. 

Consol is a British development of a German system known as sonne, which in 
turn evolved from the nonrotating elektra. There are several consol installations 
along the coasts of western and northern Europe. Two stations of an American 
version, called consolan, are installed on the east and west coasts of the United States. 
The Japanese also have a version. 

1207. Radio ranges.—The airways of the United States and some other countries 
are marked by a series of distinctive radiobeacons called ranges. Under suitable 
conditions, these are useful in marine navigation. 

Two different types of ranges are in use. The older low frequency four-course 
range consists of two Adcock antennas (art. 1104) so oriented that their signal areas 
occupy sectors, usually about 90° each. The edges of the sectors overlap to form nar- 
row equisignal sectors or ‘“‘beams”’ directed along the airways. One antenna transmits 
the Morse code letter A (eo mm), and the other the letter N (me). These signals are so 
synchronized that when they are received with equal intensity, they interlock to form 
a single monotone ‘“‘on-course” signal. As the equisignal sector is left, one signal 
predominates. As the angle from the center of the equisignal sector increases, the 
predominating signal becomes more prominent and the monotone fades. The area 
near each side of the equisignal sector is called a ‘twilight sector.”’ 

Some equisignal sectors extend out to sea. Their locations and the identification 
of the A and WN sectors are shown on appropriate aeronautical charts. A marine 
navigator equipped with such information may find the ranges useful for determining 
bearings, or even for homing. 

A newer type range eliminates the four-course limitations of the older ones by 
transmitting a rotating pattern, using very high frequency signals. Two such 
systems, tacan for military aircraft and omnirange (VOR) for others, together with 
electronic equipment for determining distance by an interrogator-transponder (art. 
1108), are located at each installation, called a vortac station. By means of the 
special receiving and indicating equipment needed, one can determine either (1) 
bearing and distance at any time by automatic dial and meter indications, or (2) 
direction to turn ¢o arrive at a selected “radial” (bearing). Because of its limited appli- 
cation to marine navigation, the special equipment is not normally carried aboard ship. 
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1208. Radar determines distance by measuring the time required for a radio 
signal to travel from a transmitter to a “‘target’’ and return, either as a reflected ‘‘echo”’ 
(primary radar) or as a retransmitted signal from a transponder (art. 1108) triggered 
by the original signal (secondary radar). The name is derived from radio detection and 
ranging. Since radar uses a directional antenna, the direction of the target is also 
determined, but with somewhat less accuracy than the distance. 

In a radar set, signals are generated in a transmitter by a timing circuit so that 
energy leaves the antenna in very short bursts or ‘‘pulses.’”’ During transmission of a 
pulse, the antenna is connected to the transmitter but not the receiver. As soon as 
the pulse leaves, an electronic switch disconnects the antenna from the transmitter 
and connects it to the receiver. Another pulse is not transmitted until after the pre- 
ceding one has had time to travel to the most distant target within range, and return. 
Since the interval between pulses is long compared with the length of a pulse, strong 
signals can be provided with low average power. 

From the receiver, the return signal goes to the indicator. This consists of a 
cathode ray tube (art. 1019) and appropriate circuits. Many types of display have 
been devised, a number of them to meet specialized requirements. For navigational 
use, the earliest type of display was the A-scope. The principle of this scope is illus- 
trated in figure 1208a. At A a pulse leaves the antenna of a ship, and a vertical 
deflection appears at the start of the horizontal trace on the scope face. At B the pulse 
has traveled some distance outward from the antenna. A short horizontal line appears 
after the vertical deflection on the scope face. The length of this line is directly pro- 
portional to the distance traveled by the pulse. At C the pulse encounters a target 
with a reflecting surface. At D the original pulse has moved on beyond the target, but 
part of its energy has been reflected back toward the transmitter. At E the echo has 
arrived back at the transmitting craft, causing a vertical deflection of the horizontal 
trace. The height of this deflection is directly proportional to the strength of the 
returning signal. At /' the echo has proceeded on past the transmitting ship, and the 
trace is completed. 

This sequence is repeated a great many times, perhaps 1,000 per second, the rate 
being called the pulse repetition rate (PRR) or pulse recurrence rate. The start of 
each trace is synchronized with transmission of the signal so that each trace is a repeti- 
tion of the previous one, if slight changes in relative positions of transmitting ship, 
target, and antenna orientation are neglected. Therefore, the trace and all deflections 
appear as a continuous line. The distance between leading edges of the vertical de- 
flections, or ‘‘pips,’”’ is directly proportional to range. A change of range alters the 
position of the second pip. The orientation of the antenna is an indication of direction. 
A pip appears only when the antenna is pointed toward the target. 

The type of presentation now most commonly used for navigational radar is called 
the plan position indicator (PPI). On this presentation the sweep starts at the center 
of the tube face and moves outward along a radial line which rotates in synchronization 
with the antenna. Instead of being deflected, the trace glows with greater intensity 
(brightness) at the appropriate places. Because of the persistence of the tube face 
coating, the glow continues after the trace rotates on past the target, resulting in a 
maplike presentation on the scope. This presentation is shown in figure 1208b. 

. On a PPI, the range of a target is proportional to the distance of its echo 
signal from the center of the scope. This may be measured by a series of visible 
concentric circles at established distances from the center, or by means of an adjust- 
able ring synchronized with a counter. Bearing is indicated by the direction of 
an echo signal from the center of the scope. To facilitate measurement of direction, 
a movable, radial, guide line or cursor is provided, and a compass rose is placed around 
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FicurRE 1208a.—A-scope. 


the outside of the scope. In the “heading-upward”’ presentation, relative bearings are 
indicated, the top of the scope representing the direction of the ship’s head. In the 
“north-upward”’ presentation, gyro north is always at the top, regardless of the heading. 
True bearings are indicated if there is no gyro error. On this type presentation a 
radial line is customarily provided at the heading of the vessel. 

Provision may be made for offsetting the center of the PPI presentation from the 
center of the tube face, to permit large-scale observation of distant targets in one 
direction. With ‘true motion” radar, the center of the tube face continues to represent 
the same geographical position until reset. The actual motion of all moving objects, 
including one’s own vessel, appears on the scope, instead of the relative movement 
usually shown. 

Other modifications have been devised. In some installations a repeater dupli- 
cates the presentation, making the information available at a distance from the radar. 
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Figure 1208b.—Plan Position Indicator. 1. Ship’s position. 2. Ship dead ahead. 3. Isone Misaki. 
4. Futtsu Saki. 5. Fort No. 1. 6. Fort No. 2. 7. Small craft. 8. Ship. 9. Fort No. 3. 
10. Small craft. 11. Kannon Saki. 12. Ship. 13. Ship. See figure 2308 showing chart of 
this area. 


Since the receiver is disconnected during transmission of a signal, no echo can be 
received during this period. As a result, there is a minimum range at which objects 
can be detected. The shortest pulses are about 0.1 microsecond in duration, or approxi- 
mately 98 feet long. Since the time measurement is of the round trip as the signal 
travels to the target and the echo returns, the range is half the distance corresponding 
to the measured time interval. Therefore, a minimum range of about 49 feet is theo- 
retically possible with a pulse of 0.1 microsecond. However, the practical minimum 
range is somewhat greater because of sea return of echoes from the water near the ship, 
where the signals strike the surface of the sea almost vertically. <A practical minimum 
of 50 yards is considered excellent. 

The maximum range is limited by the power, nature of the target, and by the 
curvature of the earth, since radar operates in the higher frequencies that are essentially 
line-of-sight. The radar horizon, at which rays from the transmitting antenna are 
tangent to the surface of the earth, is at a distance about 15 percent greater than that 
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of the visible horizon (tab. 8). Under conditions of abnormal refraction, both visible 
and radar horizons may be extended to greater distances. 

1209. Scope interpretation.—With practice, one can acquire considerable skill in 
interpreting the signals appearing on the radar scope face. Some of the factors to be 
kept in mind in interpretation are the following: 

Resolution in range. In part A of figure 1209 a transmitted pulse has arrived at 
the second of two targets of insufficient size or density to absorb or reflect all of the energy 
of the pulse. While the pulse has traveled from the first to the second target, the echo 
from the first has traveled an equal distance in the opposite direction. At B the trans- 
mitted pulse has continued on beyond the second target, and the two echoes are returning 
toward the transmitter. The distance between leading edges of the two echoes is 
twice the distance between targets. The correct distance will be shown on the scope, 
which is calibrated to show half the distance traveled out and back. At C the targets 
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Figure 1209.—Resolution in range. 
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are closer together and the pulse length has been increased. The two echoes merge, 
and on the scope will appear as a single, large target. At D the pulse length has been 
decreased, and the two echoes appear separated. The ability of a radar to separate 
targets close together on the same bearing is called resolution in range. It-is related 
primarily to pulse length, the minimum distance between targets that can be distin- 
guished as separate ones being half the pulse length. This (half the pulse length) is 
the apparent depth or thickness of a target presenting a flat perpendicular surface to 
the radar beam. ‘Thus, several ships close together may appear as an island. Echoes 
from a number of small boats, piles, breakers, or even large ships close to the shore may 
blend with echoes from the shore, resulting in an incorrect indication of the position 
and shape of the shore line. 

Resolution in bearing is similar to that in range. A pulse proceeds outward along 
a narrow sector. As the beam rotates, energy is returned during the entire time that a 
target is “illuminated,” the same as with a searchlight. A vertical target such as a 
mast is ‘‘seen’’ over the arc in which there is sufficient illumination to render it visible. 
On a radar PPI a target appears widened by an amount equal to the beam width, 
half the beam width being added to each side. Thus, the echoes from two or more 
targets close together at the same range may merge to form a single, wider echo. The 
ability to separate such targets is called resolution in bearing. In angular units it is 
dependent primarily upon beam width, a narrower beam having a higher resolution. 
In terms of distance between targets, range is also important, resolution increasing as 
range decreases. 

Height of antenna and target. If the radar horizon (art. 1208) is between the 
transmitting vessel and the target, the lower part of the target will not be visible. A 
large vessel may appear as a small craft, a shore line may appear at some distance 
inland. Areas within radar shadows (art. 1009) may not be visible at all. - 

Reflecting quality of target. Echoes from several targets of the same size may be 
quite different in appearance. A metal surface is a better reflector of radio waves 
than a wooden surface. A surface perpendicular to the beam returns a stronger echo 
than a nonperpendicular one. For this reason, a gently sloping beach may not be 
visible. A vessel encountered broadside returns a stronger echo than one heading 
toward or away from the radar vessel. In some instances, the strength of an echo 
can be increased by means of a corner reflector. This is a device with several reflecting 
surfaces so arranged that a radar signal from any direction is returned toward its 
source. Corner reflectors are fitted to a number of buoys (labeled ‘Ra Ref” on the 
chart), and are carried in some lifeboats. The strength of a returning echo can be 
reduced by coating a surface with radar absorbent material. 

Frequency. As the frequency is increased, reflections occur from smaller targets. 
Thus, a ten-centimeter radar generally penetrates fog, rain, snow, etc., while a three- 
centimeter radar receives returns from such obstacles, and can be used to track storms. 
Radar frequencies are sometimes indicated by “band,” as follows: 


Band Frequency (mc) Approx. wave length (cm) 
P 225-390 100 

L 390-1 ,550 30 

S 1,550—-5,200 10 

xX 5,200-—11,000 3 

K 11,000-36,000 1 

Q 36,000—46 ,000 0.75 

vi 46 ,000—56,000 0.6 


A C-band extending from 3,500 mc to 5,850 mc is sometimes mentioned. 
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Scope interpretation is complicated somewhat by the presence of unwanted signals 
from atmospheric noise, sea return, precipitation, etc. Collectively, this is called 
clutter. Generally, it is strongest near the vessel and gradually decreases with in- 
creased range, because of reduced sea return. Strong echoes can sometimes be detected 
by reducing the volume or “gain” of the receiver (not the image intensity of the indi- 
cator), so that weaker signals will not appear. Even when the amplitude of the clutter 
is about the same as that of desired signals, the latter can sometimes be detected by 
watching the scope during several rotations of the antenna. At each rotation the 
signals from targets remain at about the same place, and of about the same magnitude, 
while those from waves, noise, etc., fluctuate, appearing different on each revolution. 
Floating ice or a small boat may not be detected at any range if the waves are high. 
A rough surface returns a stronger echo than a smooth surface. 

Sometimes a signal appears on a radar screen when there is no visible object at 
the point indicated, and no apparent source of the signal. This is called a ghost. It 
may be due to faulty operation of the radar set, or to an actual echo returned from a 
discontinuity in the atmosphere. Sometimes such discontinuities reflect light, also, 
producing images or apparent images similar to mirages and of seeming apparent 
reality. A similar condition occasionally occurs in the sea. This phenomenon is 
undoubtedly the basis of many reports of strange objects sighted visually or by radar. 
Sometimes such apparent objects exhibit incredible speed or maneuverability. 

1210. Radar navigation.—Radar provides a means of establishing position, or 
keeping a vessel in safe water during periods of reduced visibility, or at considerable 
distance from shore, when other methods may not be available. Since both range and 
bearing can be obtained, a single identifiable object is needed. However, if a visual 
bearing is available, it should be more reliable than one obtained by radar. Since 
radar range is usually more accurate than radar bearing, a fix by two or more ranges 
is generally preferable to one obtained by two bearings or by range and bearing. How- 
ever, accurate range requires reliable identification of the part of the target returning 
the echo. This is not always apparent when natural objects are used. 

Radar beacons have been installed at some places. One type, called ramark (from 
radar mark), transmits continuously in all directions. On the scope of a radar receiving 
the signal a radial line appears at the bearing of the beacon. The beacon does not 
have to be within the range to which the scope is adjusted. A limited number of this 
type beacon has been installed for experimental use by ships. 

Another type beacon, called racon from the words radar beacon, consists essen- 
tially of a transponder (art. 1108) which returns a coded signal when triggered by a 
signal from a radar transmitter. The code, consisting of a series of dots and dashes, 
provides identification of the beacon. The range and bearing are indicated by the 
position of the first character of the code on the PPI. ‘This type beacon is used prin- 
cipally by aviators. Information on these installations is given mm various aeronautical 
publications (art. 2802). Because the return signal is of a different frequency than 
the outgoing signal, radar equipment must provide for the change in frequency if 
racon signals are to be used. Echoes returning at the frequency of the outgoing signals 
do not appear on the scope. 

In addition to the usual methods of piloting, radar is adapted to several methods 
of somewhat limited application. If a single prominent target is available in an oper- 
ating area, a series of concentric circles and radial lines—a polar plot similar to that 
of a maneuvering board (art. 1212)—can be drawn on the chart and suitably labeled. 
If bearing and distance are measured frequently, an almost continuous fix can be 
obtained by spotting in the positions by eye. If a polar plot is made on a piece of 
transparent material to the same scale as the chart, the ranges and bearings of a number 
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of points can be plotted in quick succession, and the transparent material fitted to the 
chart by trial and error. The center of the plot is then the position of the radar. 

Several models of chart comparison unit (CCU) have been devised. By means 
of this device, an image of the chart is superimposed over the PPI, or an image of the 
PPI is superimposed over the chart. Either method permits direct comparison of 
radar image and chart, if the two are of the same scale. Although distortion of the 
PPI presentation is not the same as that of the chart, an experienced person can usually 
effect a reliable match, providing reasonably accurate determination of position. A 
chart comparison unit designed to produce a virtual image of the chart on the face of 
the scope is sometimes called a virtual PPI reflectoscope (VPR). 

Early models of the chart comparison unit were used with white-on-black charts 
designed especially for the purpose. Later models can be used with ordinary nautical 
charts. Various other special chart presentations have been devised for radar, but the 
present trend is toward modification of nautical charts to make relief and radar-con- 
spicuous objects more prominent. This is accomplished primarily by shading and the 
use of additional contours. 

Useful information can sometimes be obtained from radar scope photographs 
made at known positions on previous runs or by other vessels with comparable installa- 
tions. In certain confined waters, notably along certain stretches of the Ohio River, a 
series of such photographs made with a typical radar installation have been combined 
to form a mosaic which presents a continuous maplike presentation. In some cases 
this mosaic has been printed in fluorescent ink on the regular chart. When the chart is 
Uluminated by fluorescent light, the mosaic glows in a manner that resembles a PPI. 

1211. Harbor radar.—At a number of ports, shore-based radar has been installed 
to assist in the movement of traffic during periods of low visibility. Each installation 
is tailored to fit its surroundings and requirements. A typical installation consists of a 
large antenna installed at a prominent point in the harbor, and one or more scopes 
manned by competent personnel with knowledge of local conditions. The installations 
are not intended to control shipping in the vicinity, but are considered advisory only. 
Upon their own request, vessels about to enter or leave port, or shift berth, are advised 
of traffic conditions, and other matters of concern. During passage between harbor en- 
trance and the berthing area or anchorage, they may be warned of possible danger. 

Justomarily, communication with the vessel is through the pilot, who comes aboard 
equipped with a portable radio. Resolution of present radars is not sufficiently great 
to permit docking a vessel by radar alone. 

A secondary use of harbor radar is to detect drift of aids to navigation from. their 
assigned stations. It is also used to assist a pilot vessel locate an entering ship, or to 
direct a vessel to a craft in distress or to any other desired point. 

One of the principal problems associated with harbor radar is the identification 
of the echo from a vessel with which radio communication has been established. At 
least two systems for accomplishing this are under development. 

1212. Radar as an anticollision device—Radar has not materially reduced the 
number of collisions, as might have been anticipated. This may be due to any of a 
number of reasons, or probably to a combination of several. Among these are the 
following: uncertainty as to whether the other vessel has radar, failure to use radar 
information, lack of confidence in radar, lack of appreciation of the limitations of 
radar, failure to act promptly, failure to establish prompt communication with the 
other vessel, uncertainty as to obligation under rules of the road, misinterpretation of 
radar information, difficulty of adequately visualizing a situation presented on a radar 
scope, and lack of knowledge of use to be made of radar information. Most of these 
can be summed up as lack of adequate training. There is record of radar actually 
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having been removed from vessels because it was considered a collision hazard. A 
better remedy would undoubtedly have been to instruct ships’ personnel in proper 
use of this valuable aid. 

Neither the international nor inland rules of the road provide special procedure 
for a radar-equipped vessel, which is therefore expected to obey the same rules appli- 
cable to other vessels. This is particularly important in view of the fact that radar is 
not infallible in detecting the presence of small vessels. In some cases the mere presence 
of radar is somehow believed to offer a protection or provide an immunity which does 
not in fact exist. If a vessel has radar, the equipment should be kept in good working 
condition and used whenever visibility is reduced. Even in clear weather it can be a 
valuable aid in evaluating a situation, although it is not a substitute for visual observa- 
tion. 

The principal value of radar as an anticollision device is its ability to give early 
information on the locations and movements of other vessels. Two fundamental 
problems are involved. The first is the determination of relative motion of two or more 
vessels if they maintain courses and speeds. The second is the determination of the 
action to take to produce a desired result. Both problems can be solved by a simple 
plot. Either a navigational or relative movement plot will suffice. 

In the navigational plot, positions of one’s own vessel are plotted at intervals of a 
few minutes. From each position the bearing and distance of the other vessel are 
plotted. From these positions the course and speed of the other vessel can be deter- 
mined. The dead reckoning of both ships can be run ahead to determine where they 
will be at any future time. By trial and error, the point of nearest approach and the 
distance and bearing at this point can be determined. Similarly, the effect of changing 
course or speed can also be determined. 

A somewhat simpler and more direct solution can be made by means of a relative 
movement plot. This is most easily performed on a polar plotting diagram such as a 
radar plotting sheet (H.O. 4665 series) or maneuvering board, H.O. 2665-20 (large size) 
or H.O. 2665-10 (small size, usually used). If such a plotting sheet is not available, 
one can easily be constructed, or any compass rose can be used. On these forms, 
position of one’s own ship remains at the center, as on the usual PPI. Positions of 
the other ship are plotted from the position of one’s own vessel. 

Example 1.—A ship underway obtains the following radar bearings and ranges of 
another vessel at the times indicated: 


Time Bearing Range 

1510 030° 8,500 yds. 
1512 029° 7,600 yds. 
1514 026°5 6,700 yds. 
1516 024° 5,800 yds. 
1518 023°5 5,000 yds. 


Required.—(1) The nearest approach of the two vessels. 

(2) The bearing of the other vessel at the point of nearest approach. 

(3) Time of arrival at the point of nearest approach. 

Solution (fig. 1212a).—Let the distance between consecutive circles represent 
1,000 yards. 

(1) Plot each of the given positions from the center, and label each with the time. 
If the course and speed of each vessel are constant, the points should plot in approxi- 
mately a straight line. This is the relative movement line. At any moment the other 
vessel is at some point on this line. The direction of this point is the bearing of the other 
vessel at the moment the point is occupied, and the distance between this point and the 
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Ficurp 1212a.—Finding time, bearing, and range of nearest approach by relative plot. 


center is the range. The direction of the relative movement line is the direction of 
relative movement (DRM) of the other vessel with respect to one’s own vessel. The 
DRM of one’s own ship with respect to the other vessel is the reciprocal of this line (as 
are the bearings). The length of the relative movement line in one hour is the relative 
speed or speed of relative movement (SRM). The DRM and SRM, representing 
relative motion, should not be confused with the actual course and speed of the other 
vessel. The nearest approach of the other vessel is on the relative movement line, at 
its nearest point to the center. The required distance is therefore the perpendicular 
distance from the center (own ship) to this line (extended). The graduations indicate 
this to be 1,500 yards. 

(2) The direction of the perpendicular, 310°, is the bearing of the other vessel at 
the point of nearest approach. 

(3) The time at which the other vessel is at the foot of the perpendicular is the 
time of arrival at the point of nearest approach. In this problem it can be determined 
by using a pair of dividers and stepping off a succession of two-minute runs along 
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the relative movement line. Another way is by means of the nomogram at the bottom 
of the diagram. By dividers, the distance between the 1510 and 1518 positions is 
measured, and also the distance between the 1518 position and the point of nearest 
approach. These are marked on the center line of the nomogram, being careful to 
distinguish between the “‘yards” and ‘“‘miles” scales. A mark is placed at eight on the 
top line of the nomogram to represent the interval between 1510 and 1518. A straight 
line connecting the eight-minute mark on the top line with the corresponding distance 
mark on the middle line, if extended, intersects the bottom line at a point indicating the 
relative speed. A second line from this point, through the second distance mark on the 
middle line, if extended, intersects the top line at 11™, the time needed for the other 
vessel to cover the distance along the relative movement line from the 1518 position to the 
point of nearest approach. Therefore, time of arrival at this point is 1518+11™=1529. 

Answers.—(1) D 1,500 yds., (2) B 310°, (3) T 1529. 

With the information given in example 1, and the course and speed of one’s own 
vessel, a person can determine course and speed of the other vessel, a process called 
tracking. A speed vector diagram (art. O18) is used: 

Example 2.—¥Find the course and speed of the other vessel of example 1, if own ship 
is on course 110°, speed 12 knots. 

Solution (fig. 1212b).—Let the distance between consecutive circles represent two 
knots. 

Draw the speed vector of own ship (12 knots in direction 110°), starting at the 
center. Label the outer end of this liner. Read the relative speed (SRM), 13.5 knots, 
from the bottom line of the nomogram of figure 1212a. Relative speed might also be 
determined by arithmetic. In eight minutes (1510-1518) the other vessel moves 1.8 


miles (3,600 yards) relative to own ship. In 60 minutes it will travel L8X=13.5 


miles. From 7, draw a line parallel to, and in the same direction as, the relative move- 
ment line, and measure off a speed of 13.5 knots. Label the end of the vector m. The 
line rm is the relative speed vector, its length representing the speed of relative move- 
ment, and its direction representing the direction of relative movement. A line from 
the center to m is the speed vector of the other vessel, its length representing the actual 
speed, and its direction the course. 

Answers.—C 170°, S 14.7 kn. 

It is good practice to continue plotting relative positions of the other vessel until 
it has passed. Any change in the direction of the relative movement line indicates a 
change of course or speed. After enough positions have been plotted to establish the 
new direction of the line, a new solution can be made. If the bearing becomes constant 
and the distance is decreasing, the two vessels are on collision courses, and unless 
remedial action is taken, a collision will take place. 

It is good practice to start such a plot at the earliest practicable time, remembering 
that if ships are approaching head on, the relative speed is equal to the sum of their in- 
dividual speeds. If the situation is seen to be a dangerous one, action can be taken in 
time to prevent a close situation. Many accidents are caused by waiting until the vessels 
are so close that a change by the other vessel, which may not have radar, brings the 
vessels together before there is time to detect the change and take action. Since the 
rules of the road regarding passing or crossing are not applicable until the vessels are 
in sight of each other, any action based upon radar information before the other vessel 
is sighted is in harmony with the law. Unless the intentions of the other vessel are 
known, it is good practice to prevent his close approach, if possible, by taking bold 


action early. 
Example 3.—The “own ship” of examples 1 and 2 is capable of a maximum speed 
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Figure 1212b.—Finding course and speed of other vessel, by relative plot. 


of 16 knots. It is decided that at 1521 full speed will be used, and the course will be 
changed to prevent the ships from approaching closer than 3,000 yards. 

Required.—The new course. 

Solution (fig. 1212c).—Find the relative position of the other ship at 1521. This 
can be estimated from the previous plot, or determined accurately by connecting the 
relative speed (13.5 knots) on the bottom line of the nomogram with three minutes on 
the top line, and noting the point at which this line crosses the center line (1,350 yards), 
or mathematically, taking % the relative distance covered in eight minutes. The rela- 
tive distance (1,350 yards) is measured off along the relative movement line from the 
1518 position. From this point draw a new relative movement line tangent to the 
3,000-yard circle. From m on the speed vector diagram, draw a line parallel but in 
the direction opposite to the new relative movement line. Label the intersection of this 
line and the 16-knot speed circle r’. A line from the center to this point is the speed 
vector of own ship. Its direction is the required course. 

Answer. —C 134°. 
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The minimum speed at which the desired result can be obtained may be found by 
drawing a perpendicular from the center to the relative speed vector r’m. The direction 
of this perpendicular is the course at minimum speed. For this problem the values 
(not shown in the illustration) are 14.4 knots on course 160°. Since the relative speed 
vector would then be very short (the ships would be on nearly parallel courses at nearly 
the same speed), the distance between ships would change slowly. If the relative speed 
is known, the time to cover any relative distance can be found by nomogram or 
by arithmetic. 

A number of variations of this problem may suggest themselves. With practice, 
one can acquire the ability to make approximate solutions mentally. Such mental 
solutions should be checked by plot. This is particularly important if the bearing is 
changing slowly. It is good practice to have the plot kept by one person who can 
observe the changing relationship as the vessels proceed. However, one should keep in 
mind the fact that although a plot adds to the value of radar, it is not a magic solution 
to all radar problems. It may not reflect small changes in course, and its indications 


are not instantaneous. 
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Figure 1212c.—Finding course at given speed to produce desired result, by relative plot. 
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1213. Shoran is a form of secondary radar (art. 1108) using two transponder 
beacons located ashore and a single indicator aboard ship to measure the distance from 
each beacon. By this means two distances are continually available, permitting rapid 
determination of position. Special charts are not needed, but where they have been 
provided, they show a number of concentric circles centered upon each beacon. Approxi- 
mate positions can be plotted by inspection. 

Shoran was developed during World War II to permit bombing through undercast. 
It provided such high accuracy that after the war it was further developed for possible 
use insurveying. Its use permitted measurement of distances over water or inaccessible 
terrain, thus providing means for more accurate positioning of offshore islands and 
other features inaccessible by previous methods. 

The name shoran was derived from short range navigation. A higher precision 
version used to meet the most exacting survey requirements is called hiran, from high 
precision shoran. Because of the high frequency used (230-310 mc), shoran is limited 
in range by the curvature of the earth. A lower frequency (1,900 kc) version permitting 
use by ships at distances of several hundred miles from shore was developed by the 
U. S. Coast and Geodetic Survey and called electronic position indicator (EPI). A 
British system similar to shoran, but with transmitters at the fixed ground stations and 
a transponder beacon at the mobile station, is known as oboe. 

Since these systems provide simultaneous measurement of two distances, the 
difference in the two measurements might be used to provide a hyperbolic system (ch. 
XIII). However, for the use generally made of such equipment, the need for estab- 
lishing hyperbolas would be a disadvantage. 

1214. Pure-range Raydist measures distance electrically by phase comparison of 
beat frequency signals (art. 1108) resulting from transmission of signals at the two 
points between which the distance is to be measured. This method has had limited 
use, primarily in survey operations. 

Hyperbolic Raydist is discussed in article 1311. 


Problems 


1204. The DR position of a ship is lat. 44°08/2S, long. 62°56/9W. A radio bear- 
ing is taken on Isla Leones Light Station, at lat. 45°03’03” S, long. 65°36’33” W. 
The uncorrected reading is 039°5 relative, the ship being on true heading 205° at the 
moment the bearing is observed. The calibration table indicates a correction of —) 
2° should be applied. 

Required.—The equivalent true rhumb line bearing. 

Answer.—B 243°5. 

1212a. A ship on course 230°, speed 15 knots, obtains the following radar bearings 
and ranges of another vessel at the times indicated : 


Time Bearing Range 

0820 2158 24.0 mi. 
0824 215°5 23.4 mi. 
0828 21675 22.8 m1. 
0832 ania 22:3° Mal: 
0836 218° 20.7 imi. 
0840 219° 2142", 


Kequired.—(1) The nearest approach of the two vessels. 
(2) The bearing of the other vessel at the point of nearest approach. 
(3) Direction of relative movement (DRM). 
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(4) Speed of relative movement (SRM). 

(5) Time of arrival at the point of nearest approach. 

(6) Course and speed of the other vessel. 

Answers.—(1) D 10.6 mi.; (2) B 278°; (3) DRM 009°; (4) SRM 9.7 Kio T 
1033; (6) C 270°, S 10 kn. 

1212b. At 0848 the other vessel of problem 1212a changes course to 034° end 
increases speed to 20 knots. 

Required.—(1) The nearest approach of the two vessels if both maintain course 
and speed. 

(2) New relative speed. 

(3) Time of arrival at point of nearest approach. 

Answers.—(1) D 0 (collision), (2) SRM 34.6 kn., (3) T 0923. 

1212c. At 0858 the “own ship” of problem 1212b changes course to the right, 
coming to the course that will result in a nearest approach of five miles without changing 
speed. 

Required.—(1) The new course. 

(2) New relative speed. 

(3) Time and distance at which ‘‘own ship”’ will be dead ahead of the other vessel. 

(4) Time of arrival at the point of nearest approach if both vessels maintain 
course and speed. 

(5) Bearing of the other vessel at nearest approach. 

Answers.—(1) C 278°; (2) SRM 29.7 kn.; (3) T 0905, D 10.9 mi.; (4) T 0925; 
(>) 33152". 
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CHAPTER XIII 


HYPERBOLIC SYSTEMS 


1301. Introduction.—The principles of hyperbolic systems are discussed in article 
1109. The present chapter describes the distinctive features of some of the more 
widely used systems. 

1302. Loran is a hyperbolic system of navigation by which difference in distance 
_ from two fixed points on shore is determined by measurement of the time interval 
between reception of pulse-modulated (art. 1016), synchronized signals from trans- 
mitters at the two points. The name loran is derived from long range navigation. Since 
it operates in the 1,750 to 1,950 ke frequency range, both ground waves and sky waves 
can be used to provide coverage over an extensive area with relatively few stations. 
Since ships do not transmit, they can use loran without breaking radio silence. 

Usually, stations of a pair are located from 200 to 400 miles apart, although they 
may be as close as 100 miles or as far as 700 miles. At one time several station pairs 
separated by distances of 1,000 to 1,400 miles were operated. In this SS loran, sky 
waves only were used. Generally, a number of stations are located so as to form a chain, 
with all but the end stations in the group being “double pulsing.’’ In most parts of the 
coverage area (fig. 1302a), sig- 


nals can be received from at ONE-HOP-E 

least two pairs of stations, thus \ 

making it possible to obtain a SHAT wo yor bie? 

fix by loran alone. > [ ae, Sie Ne 

. . —————— -—_—____—__-4 

The range at which sig- ONE-HOP-F TWO-HOP-F 

nals are received varies ons FicureE 1302b.—A typical train of loran signals from a single 

siderably with kind of signal transmitted pulse. 


(ground wave or sky wave), 

route of the signal (over land or water), time of day, atmospheric noise level, geo- 
graphic region, ionospheric conditions, and possible directional properties of the 
recelving antenna. 

As a general rule, ground-wave coverage during the day extends to about 700 
miles in the Atlantic and 800 miles in the Pacific. At night the range is about two- 
thirds thisamount. During daylight hours, relatively few sky-wave signals are received, 
but at night, signals arrive by so many different paths that a train of signals may be 
received from a single transmitted pulse. Figure 1302b shows a typical scope appear- 
ance of such a train near the limit of ground-wave coverage. All of the signals are 
from a single transmitted pulse. One-hop-E signals are received to a maximum 
distance of about 1,400 miles. Curvature of the earth prevents their reception at 
greater distances regardless of power of the transmitter. Beyond this, strong signals 
may be received by multihop-E waves or by one or more reflections from the F layer. 
Because of relatively large uncertainties in the lengths of the paths of such signals, 
and the increased uncertainty of identification, loran tables and charts do not provide 
facilities for their use. The extending of lines to provide coverage for such signals is not 
recommended. Reception of reliable signals on some occasions is no assurance that 
those received at other times can be trusted. Typical variation in appearance of ground- 
wave and sky-wave signals with time of day is shown in figure 1302c. 
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The range at which a ground-wave signal can be received is much less if the path 
is across land than if it is across water. For this reason loran stations are located so 
that signal paths are as much as possible across water in the direction of greatest 
importance, and it is desirable that the base line also be across water. The retarding 
effect varies greatly with the type of land, and is somewhat less when the land is not 


adjacent to the transmitter. 


SKY WAVE 


1300 local time. 
Skywave visible but weak. 


1600 local time. 
Skywave becoming stronger. 


SECOND 


SKY WAV 


1800 local time. 
Sunset. Gain reduced 
to show top of skywave. 


Ficure 1302c.—Typical variation in appearance 


1500 local time. 


a 


GROUND WAVE 


1700 local time. 
Skywave has become 
stronger than ground wave. 


1900 local time. 
Left edge of skywave is fading. 


of signals with local time. 


The paths of sky waves are so high that signal strengths 


are not noticeably affected by land un- 
less it is within about 20 or 30 miles of 
the transmitter or receiver. 

When the atmospheric noise level is 
high, signals which may otherwise be 
usable are lost in the clutter. 

The areas near the base line exten- 
sions are excluded from the diagram of 
figure 1302a because of the relatively 
large error of position for a small error 
in the time difference reading. 

Transmitting antennas are vertical, 
to avoid directional properties in the hori- 
zontal plane. Vertical receiving antennas 
are desirable for the same reason. 

Pulse signals from each pair of sta- 
tions are transmitted continually. Iden- 
tification is by means of frequency and 
pulse repetition rate (PRR), sometimes 
called pulse recurrence rate. Frequency 
is identified by channel number, as follows: 


Channel Frequency Channel Frequency 
No. (ke) No. (ke) 
1 1950 Bs) 1900 
2 1850 


The same frequency can be used for signals from a number of different station 
pairs, by varying the rate at which the signals are transmitted. Three basic pulse 
repetition rates are available, as follows: 


20 pulses per second, 
25 pulses per second, 
33% pulses per second. 


The interval between the start of consecutive pulses is 50,000 us for the special 


rate, 40,000 us for the low rate, and 30,000 us for the high rate. 


retained for future use. 
A further breakdown of repetition rate can be accomplished by varying the basic 


rate slightly. 


The special rate is 


In practice, the difference between consecutive specific pulse repetition 


rates is 100 us. The specific rates in use are identified by number, starting with 0 
for the basic rate and Increasing to 7 (eight rates), each higher number increasing 


slightly the rate at which signals are tr 


between signals. 


ansmitted, and decreasing by 100 us the interval 


Thus, a total of 24 rates is available (if the special basic rate is used) for each of 
The same rate may be used in areas so widely separated that 


the four frequencies. 
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interference is not likely to occur. Each rate is identified by three characters. The 
first is a number identifying the frequency channel, the second a letter identifying 
the basic pulse repetition rate, and the third a number identifying the specific pulse 
repetition rate. Thus, the designation 1L7 indicates frequency channel 1, low basic 
pulse repetition rate, and specific pulse repetition rate 7. Stated differently, pulses 
are transmitted at intervals of 39,300 us, on a frequency of 1950 ke. The term rate, 
implying the number of pulses per unit time, is now used for the full three-character 
designation, and even for the station pair, their signals, and the resulting hyperbolic 
lines of position and the tables and curves by which they are represented. 

The system described in this article is sometimes called standard loran to dis- 
tinguish it from a 100 ke or 180 ke experimental system called low frequency loran, 
which might provide ground-wave coverage over very great ranges but at reduced 
accuracy, and loran-C, an operational system of great range and high accuracy. 

1303. The loran receiver-indicator.—The receiver used for loran signals is similar 
to that used in ordinary radio communication, except that it has no speaker. Signals 
are sent to an indicator consisting of a cathode ray tube (art. 1019) and the necessary 
timing circuits and controls. The major portion of the space needed for the equip- 
ment is occupied by the indicator. 

On the face of the scope a visible line is produced by the spot of light formed at 
the point of impact of the moving beam of electrons. This line is divided into two 
parts, one above the other. The upper part is called the A trace, and the lower part 
the B trace. When the controls are set for a given rate, the length of the combined 
trace, in microseconds, is adjusted to the interval between beginning of pulses. Thus, 
if a reading is desired on rate 2H5, separate switches are set on 2, H, and 5 to control 
the frequency, basic pulse repetition rate, and specific pulse repetition rate, respectively. 
The combined length of the two traces is then 29,500 us. 

When the controls are thus set for a given rate, the signals of that rate appear as 
vertical deflections which remain stationary because a signal is received at the same 
part of each trace. Signals of the same basic pulse repetition rate, but of a different 
specific pulse repetition rate, appear to drift along the trace. Those of a lower rate 
drift to the right and those of a higher rate drift to the left. The greater the difference 
between the given rate and that of the signal, the faster the rate of drift. 

The drift is due to the difference between the length of the combined trace and 
the time interval between the start of consecutive signals. Suppose the indicator is 
set for rate 2H3. The length of the combined A and B traces is 29,700 us. A rate 2H2 
signal is received at intervals of 29,800 us. The spot of light forming the traces completes 
a cycle in 29,700 ys and moves an additional 100 us before the next 2H2 signal is 
received. Each succeeding 2H2 signal appears 100 us to the right (motion is left-to- 
right) of the previous one, and after 297 signals have been received (9 seconds), will 
have moved the entire length of both traces and returned to its original position. 
Signals of rate 2H5 will move to the left at twice the speed, completing the circuit in 
4% seconds. On some scopes a faint line called a retrace (fig. 1304a) can be seen con- 
necting the ends of the two traces. This indicates the path of the spot of light in mov- 
ing from the end of one trace to the beginning of the next, during a period of about 70 
us. These two periods of 70 us are part of the total length of the combined trace. 

Signals of the same frequency but another basic pulse repetition rate can be seen, 
but they appear as flickering signals called ghosts, which may drift faster than other 
signals. Each succeeding signal appears at a point 10,000 us from the preceding one. 
Thus, every third or fourth signal may appear at about the same place, but the rate at 
any given place is so slow (approximately six or eight per second) that the deflection 
does not appear continuous. Since the spot of light is not deflected in most of its pas- 
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CORRECT RATE GHOST 


Figure 13803.—A signal of the correct basic Ficure 1304a.—The loran scope. 
pulse repetition rate, and a ghost. 


sages, the line appears continuous with the deflection superimposed on it. The appear- 
ance of a signal of the correct rate and a ghost is shown in figure 1303. 

Strong signals from a frequency channel different from that to which the receiver is 
tuned may be received. This is called spillover. It can be detected by tuning to a 
different frequency. The frequency at which the signal appears strongest is the 
correct one. 

1304. A loran reading.—Details of loran receiver-indicators differ, but the prin- 
ciples of all are thesame. Near the start of each trace of a typical indicator, a portion 
of the visible line is raised to form a ped- 
estal, as shown in figure 1304a. The ped- 
estal of the A trace is fixed, but that of 
the B trace can be moved to nearly any 
location along the line. 

When the entire cycle is shown, as in 
figure 1304a, a signal of 40 us duration ap- 
pears as a vertical line, as indicated. It 
can be moved right or left by means of a 
switch which temporarily shortens or 
lengthens the trace by a small amount, 

causing the signal to drift. After the 
a 80Ge si tog toran Signals eDrapenly correct signals have been identified, they 
are moved, if necessary, until the signal 
on the A trace is to the left of that on the B trace, and mounted near the left edge of 
the pedestal. The pedestal of the B trace is moved until the other signal is mounted 
near its left edge. By a series of successive magnifications, the left portions of 
the two pedestals are placed under each other and made to occupy the entire length of 
the original trace. The two traces are then brought to the same horizontal line, and one 
signal superimposed over the other, a process called matching. Figure 1304b is a 
photograph of a loran scope with signals properly matched, at greatest magnification. 
When the signals are matched, they occupy the same position with respect to the two 
pedestals. The reading is the distance (time separation) between the two pedestals, indi- 
cated by downward deflections of the traces, or by dial. At greatest amplification, the 
signals appear as in figure 1303 or figure 1304b. 
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A loran reading is influenced by three delays introduced in the transmission of the 
slave signal, as follows: 

Half pulse repetition rate delay. A delay equal to half the interval between start 
of consecutive pulses is introduced so that one signal can be placed on each trace at 
approximately the same relative position. If this were the only delay, and a receiver 
were at some point on the center line, one signal would be directly under the other. 
Without the delay they would appear at the same place on the same trace. This delay 
is introduced for convenience in making a reading, and is not included in the reading. 

Base line delay. If the half pulse repetition rate delay were the only one, readings 
would increase from zero along the center line to a maximum along each base line 
extension. Since both master and slave signals look alike, there would be no way of 
identifying them if the position of the receiver was sufficiently in doubt that it might 
_ be on either side of the center line. The base line delay, equal to the length of time 
needed for a signal to travel the length of the base line (6.18 ys times the length of 
the base line in nautical miles), causes the readings to increase from zero along the base 
line extension beyond the slave to a value of twice the base line delay along the base 
line extension beyond the master station. Because of this delay, the master signal can 
never appear to the right of the slave signal if one signal is placed on each trace. 

Coding delay. With a reading near zero one might find difficulty at small scale 
in determining which signal was left and which was right. An additional delay of 
500, 950, or 1,000 us is provided_to increase all readings by this amount. This increases 
the distance between the master signal and the slave signal when one is on each trace. 
This delay can be changed easily at the slave transmitter according to a prearranged 
schedule, to provide some measure of security in time of war. 

The reading at any point is equal to 6.18 times the difference in distance (in nautical 
miles) of the receiver from the two stations (considered negative if nearer the slave), 
plus the base line delay, plus the coding delay. However, it is not necessary for 
the navigator to compute readings, because this is done electronically for the whole 
coverage area of each rate, and the information given in tables and special charts 
(art. 1307). 

1305. Identification and use of various waves.—Travel times of ground waves 
and various sky waves differ, resulting in reception of a wave train (fig. 1302b) from a 
single transmitted signal. Since different readings are obtained with different com- 
binations of signals, identification is important. 

If a single wave is received, it 1s almost surely a ground wave. If a ground wave 
is received as part of a train of waves, it is the first or left-hand wave of the group. The 
position of the receiver relative to the transmitter is some guide. Within a few hundred 
miles of the station, the first signal is nearly always a ground wave, unless there is in- 
tervening land. Near the extreme limit of the coverage area, ground waves are not 
received. Between these limits is a critical range in which the first signal may be either 
a ground wave or sky wave. ‘This critical range varies with time of day, location, and 
conditions, as discussed in article 1302. In general, it can be considered to be between 
about 600 and 900 miles by day, and between about 500 and 700 miles by night. 

The appearance of the waves can be helpful in their identification. A ground 
wave is characteristically steady in shape and amplitude. Sky waves may at times 
appear as steady as ground waves, but such steadiness seldom lasts for more than a 
few minutes. Because of constant changes in the intensity (reflecting power) and 
height of the ionosphere (arts. 1007, 1008), and changing phase relationships, sky waves 
are subject to two characteristic fluctuations. 

Changes in intensity, and changing phase relationships, cause changes in the 
strength of the reflected signal arriving at the receiver. This is called fading. It may 
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be a relatively small change in the amplitude of the signal, or it may be so severe that 
the signal disappears altogether for a short time. The complete cycle of fading from 
full strength to minimum and back to full strength may be completed in a period of 
less than a minute, or it may extend over several minutes. ; 

Changes in height of the ionosphere cause the signal to move right or left along 
the trace. This motion is not apparent by itself, and equal changes in those parts 
of the ionosphere reflecting signals from the two transmitters has little effect on the 
reading. However, a change in intensity may result in shifting the reflecting surface 
to a higher level. When there are two or more such surfaces a short distance apart, 
splitting of the signal occurs, resulting in more than one crest of the same signal, close 
together. As the various reflecting surfaces change in intensity and height, the dif- 
ferent crests move up and down relative to each other, and change their spacing. 

It is good practice to watch the signals for several minutes before making a reading, 
to be sure of their identification and also to be sure that the leading edge of each is 
visible, for it is this edge, however weak, that should be matched. In a loran area 
the best practice is to make readings at regular intervals, at least once each hour. 
The changing appearance with time of day (fig. 1302c) should be helpful in identifying 
signals. Also, an inconsistency of one loran fix relative to such a series is an indication 
of possible error of identification. 

In general, sky waves are steadier at greater distances from the transmitter, 
because reflection takes place over a larger area and local variations have less effect, 
and also because changes in height have less effect upon the length of the path. There- 
fore, the changes are less extreme. One-hop-E waves are usually steadier than multi- 
hop-E waves, or those reflected from the F layer (fig. 1302b). Changes in these signals 
are so great that intolerably large errors in readings may be introduced. For this 
reason and the uncertainty in identification of these waves, it is generally considered 
advisable to limit readings to ground waves and one-hop-E waves. 

If a vessel is rolling heavily, all signals of a train may fade somewhat in synchronism 
with the roll. A weak ground-wave signal may flicker due to random noise signals 
which appear as continually-fluctuating grass on the trace. This momentary change 
is not easily confused with the slower fading. 

For most rates, ground waves should always be matched if available. If ground 
waves are available from one station, but not from the other, the one-hop-E sky waves 
of both stations should be matched. In general, multihop-E waves and F waves 
should not be used. In some instances, where the base line is long, a correction table 
is provided for matching a ground wave from one station with a sky wave from the 
other. These corrections are given in the Loran Tables, H.O. Pub. No. 221, and in the 
Catalog of Aeronautical Charts and Publications, H.O. Pub. No. 1-V. 

1306. Accuracy.—The accuracy of a loran fix depends upon the accuracy of the 
individual lines of position, and the angle at which the lines intersect (art. 906). The 
accuracy of individual lines of position depends upon the following factors: 

Synchronization of signals. Transmission of loran signals is continuously monitored. 
Normally, the timing is correct to a fraction of one microsecond, but if the signals 
get out of synchronization by as much as two microseconds (five microseconds for rate 
1L4), either the master or slave signals, or both, are made to blink to warn the user 
of the situation, so that readings on this rate can be avoided until the synchronization 
is restored, usually in a matter of minutes. Blinking is the shifting of signals right and 
left about 1,000 microseconds, at intervals of two seconds. 

Position relative to transmitting stations. Accuracy is related to the spacing between 
consecutive lines of position separated by a constant difference of reading, as every 
microsecond. Lines are most closely spaced, giving highest accuracy, along the base 
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line between the stations, where an error of one microsecond in the reading produces 
an error of 0.081 mile, or 492 feet. From this the lines of position fan out, as shown in 
figure 1109. Near the base line extensions, an error of one microsecond in the reading 
produces an error of several miles in position. Any ground-wave reading within 25 
us of those of the base line extensions, or any sky-wave reading within 200 us of those 
along these lines, should be considered of doubtful value. 

Uncertainty in travel time of signal. The time needed for a signal to travel from 
the transmitter to the receiver depends upon the speed and distance. The speed is so 
nearly constant that the slight variations involved do not introduce a significant error. 
The distance between two points, however, depends upon the path followed by the 
wave. Ground waves follow the curvature of the earth with little variation, so that 
any error introduced by variations in the path is negligible. This is not true, however, 
of sky waves. Continual changes in the height and intensity of the ionosphere, as 
well as tilting of it from the horizontal, produce changes in the length of the path of the 
radio signal. The increased length of the sky-wave path over the ground-wave path 
decreases with greater distance from the transmitter. Along the center line, where the 
distance from the two transmitters is the same, the time difference is the same for sky 
waves as for ground waves. At other places, signals from one station are delayed 
more than those from the other. A sky-wave correction is provided in the loran tables 
and on the loran charts to convert a sky-wave reading to the equivalent ground-wave 
reading. At distances of 800 miles or more, carefully made sky-wave readings have 
an average error of about two microseconds. The error increases as the stations are 
approached, reaching an average value of about seven microseconds at a distance of 
250 miles from one of the transmitters. This increased error is partly offset by closer 
spacing of the lines of position. However, since individual errors can be more than 
twice the average, the use of sky waves is not generally recommended within 250 miles 
of either station, and corrections for these areas are not usually tabulated. 

Skill in making a reading. The principal source of error in making a reading is in 
identifying the signals. Patience and judgment are needed to avoid an error due to 
use of the wrong wave or failure to detect the true leading edge. With a reasonable 
signal-to-noise ratio, a careful operator should be able to match signals and read the 
indicator with an error not to exceed one microsecond. With patience, even very 
weak signals can be matched with an error of not more than a few microseconds. 

Alignment of the indicator. Instructions for checking the “alignment” (adjustment) 
of the indicator are included in the instruction manual provided with each loran receiver- 
indicator. If the alignment is incorrect, errors may be introduced in the readings. 

Incorrect location of transmitters. Computations are made for carefully determined 
positions of transmitters. However, where isolated stations require independent position 
determinations, the relative positions of the two stations may not be correct, however 
carefully determined, because of deflection of the vertical (art. 1610). When errors 
are established through usage, correction chartlets are provided in the loran tables 
and on loran charts. If the position of one station is found-to be in error, the correc- 
tions are applicable in radial sectors around that station. If the positions of both 
stations are incorrect, the pattern is more involved. 

Errors in loran tables and charts. Errors due to imperfections in tables and charts 
are negligible. 

Plotting errors. Plotting of loran lines of position requires the same care as plotting 
of other navigational information if accurate results are to be obtained. For maximum 
accuracy, a large scale should be used. 

1307. Loran lines of position Computation of the coordinates of points along 
various loran lines of position is performed electronically, allowance being made for 
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the spheroidal shape of the earth. The results are published in H.O. Pub. No. 221, 
Loran Tables. Several rates may be given in each volume, although a change is being 
made to publication of each rate in a separate pamphlet. From these computations, 
loran charts are prepared showing the lines of position at suitable intervals. --Aeronauti- 
cal loran charts are available for the entire coverage area, but relatively few nautical 
loran charts have been published. In areas where nautical loran charts are not 
available, either the tables or aeronautical charts can be used and the information trans- 
ferred to the nautical chart. 

The loran tables for each rate consist of a small-scale chartlet showing the pattern 
of the loran lines of position, and any corrections due to incorrect locations of the 
stations, a sky-wave correction table for one-hop-E waves, and the principal table 
giving coordinates of points on the lines of position. This table is entered with the 
loran reading in microseconds, and the latitude or longitude. For a line running in a 
generally north-south direction, the table is entered with the latitude, and the corre- 
sponding longitude is taken from the table. For an east-west line, the table is entered 
with longitude, and latitude is taken from the table. Two such points are thus deter- 
mined and plotted, usually one on each side of the dead reckoning position. The 
straight line connecting them is an approximation of a small part of the line of position. 
Latitude and longitude are given at intervals of whole degrees, half degrees, or quarter 
degrees, depending upon the degree of curvature of the line. A separate column is 
given for each tabulated reading, at suitable intervals. An auxiliary tabulation 
labeled A (delta) gives the change in longitude or latitude (to 0/01) for a one-micro- 
second change in the reading. The main table should be entered with the nearest 
reading. If interpolation is toward a smaller reading, the printed sign of A should be 
reversed. Sample pages of a loran table are given in appendix BB. 

Tabulated readings are for ground waves. Sky-wave readings are corrected to 
the equivalent ground-wave readings before entering the tables. A ground-wave 
reading is designated Tg, and a sky-wave reading Ts. If a ground wave is matched 
with a sky wave, the reading is labeled Ts if the ground wave is from the master sta- 
tion, and Tg if from the slave station. A line of position may appropriately be labeled 
with the time above the line and the identification below the line. It is good practice 
to give full identification, as 2H3 T, 2154 or 1L0 Ts 1893 (Te 1891). 

Example 1.—The 1900 DR position of a ship is lat. 42°48/3 N, long. 62°28/3 W. 
About this time loran readings are obtained, as follows: 


1859 1H4 Ts 6258 
1900 1H2 Tg, 2229 


Required.—The 1900 fix, using appendix BB. 

Solution.—Enter the — -wave correction table of 1H4 with the dead reckoning 
position, and find the correction, (++) 37, by double interpolation (art. P3). The 
equivalent ground-wave reading is 6258+37=6295. Enter the 6300 column of the 
1H4 table, with the following results: 


Long. Tab. lat. A Corr. Lat. 
62° W 43°02'0 N (+) 56 (—)2°8 42°59'2 N 
63° W 42°43'1 N (+)51 (—)2'6 42°40'5 N 
Next, enter the 2220 column of the 1H2 table, with the following results: 
Lat. Tab. long. A Corr. Long. 
42°30’ N 62°13/9 W (0s (= \0r6 62°12'3 W 
43°00’ N  62°33/9 W (=) 16 (—)1'4 62°32'5 W 


Plot the two points of each line of position, and draw and label the lines. The 
common intersection of the two lines is the required fix, as shown in figure 1307a. 
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Ficure 1307a.—A loran fix by table and plotting sheet. 


Answer —1900 fix: L 42°51‘/0N, \ 62°26'2 W. 

It is good practice to watch the scope for a few minutes before making a reading 
to be sure of correct identification of signals. If this is done for all rates before a 
reading is made, and sky-wave readings are made first, the intervals between readings 
can be kept to a minimum, and a skillful operator can often obtain two or three readings, 
over such a short period of time that the run between them can be ignored. However, 
where necessary, loran lines of position should be advanced or retired in the same 
manner as other lines of position (art. 908). If all readings are made within an in- 
terval of a few minutes, as customary, the position is considered a fix, rather than a 
running fix, following the practice of celestial navigation (art. 1707) rather than that 
of piloting (art. 909). 

Figure 1307b is a reproduction, at half scale, of a small part of Hydrographic 
Office loran chart VRL-201. This small scale was chosen for illustration because it 
shows the pattern of loran lines in an area that is not congested by a large number of 
rates. A larger scale is recommended for marine navigation. 

The plotted lines are for ground-wave readings. The small numbers near the inter- 
sections of printed meridians and parallels are one-hop-E sky-wave corrections at the 
intersections. On older charts the rate to which each applies is indicated both 
by color and by superscript. Italic type is used for high basic pulse repetition rate 
sky-wave corrections, and roman type for the low rate. On newer charts the rate is 
indicated in full, and both the rate indication and correction are printed in black 
(as 2L7 + 09), as shown in figure 1307b. 

Eye interpolation can be used to locate lines between those printed. Graphs 
to facilitate such interpolation have been devised. They are available on a card 
published by the U. S. Navy Hydrographic Office as H.O. Misc. 11,691, and on some 
loran charts. When the correct position has been located, a short line is drawn paral- 
lel to the printed lines. The common intersection of the various lines of position, 


advanced or retired as necessary, is the fix. 
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chart VRL-201, reduced 50%. 


1307b.—Part of Hydrographic Office loran 
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Example 2.—The 0600 DR position of a ship is lat. 39°06’ N, long. 126°41’ W. 
About this time loran readings are made in quick succession, as follows: 


0559 2H5 Ts 3205 
0600 2H2 Te 4436 
0601 2H3 Te 3225. 


Requred.—The 0600 fix, using figure 1307b. 

Solution.—By interpolation, find the sky-wave correction for the 2H5 reading. 
This is (+)10 ws, making the equivalent ground-wave reading 3205+10=3215 us. 

Locate the three readings by eye interpolation and draw short lines of position. 
At their common intersection, read the latitude and longitude. 

Answer.—0600 fix: L 38°57’ N, \ 126°20’ W. 

Do not expect high accuracy at such small scale. 

Where a number of rates are available, only the three or four most useful ones 
may be shown on the chart. Thus, all or part of useful rates in an area may be 
omitted. Full information on the reliable coverage areas of all rates is included in 
the tables. 

1308. Gee is a British hyperbolic navigation system in many respects resembling 
loran (arts. 1302-1307). In both systems the difference of the distances from two 
transmitters is determined by measurement of the time interval between reception 
of synchronized pulse-modulated signals (art. 1016). Gee operates in the 20-85 
me frequency range, and is therefore limited essentially to line-of-sight distances. 
However, refraction and ducting (art. 1006) sometimes extend the range somewhat, 
and sky waves are occasionally available. Because of this line-of-sight feature, the 
system is used largely by aircraft. At a height of 30,000 feet the operational range 
is considered to be about 400 miles. 

Transmitting stations are arranged in groups of four, each group being considered 
a chain. One of the four is a master station controlling synchronization of the group. 
All stations of a chain operate on the same frequency. Pulses are two to ten micro- 
seconds in length. The master transmits at a pulse repetition rate of 500 per second. 
Two of the slaves transmit at a rate of 250 pulses per second, being synchronized 
with alternate pulses from the master. The third slave transmits at the rate of 
per second, being synchronized with each third pulse from the master. Signals from 
the third slave, and each alternate one from the master, consist of two pulses with a 
very short interval between them, the two being considered a double pulse constituting 
a single unit in the pulse repetition rate. Assuming a difference of 700 us between 
reception of the master and synchronized slave signals, the sequence of transmitted 
signals would be as shown in figure 1308a. The spacing of signals at the receiver would 
depend upon its position relative to the transmitters. 

On the scope of the indicator the trace is divided into two parts, as in loran, each 
part being 2,000 us in length. When the single-pulse master signal is placed at the 
left part of the upper trace, the other signals might appear as shown in figure 1308b. 
The first part of the double-pulse master signal would be directly below the single- 
pulse master signal. The second part of this double-pulse signal is called a ghost, and 
is used only to identify that master signal used with the second slave. It therefore 
serves as identification of the first two slaves, which are downward deflections on small 
steps serving the same function as the pedestals of loran (art. 1304). 

Since the first two slaves transmit at half the rate of the master, one appears on 
each trace. Each can be matched with the master signal with which it is synchronized, 
permitting two readings to be made with a single setting. Two magnifications are 
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provided, one of the strobe (the pedestal-like step) and the other of the central portion 
of the strobe. At greatest magnification, correctly matched signals appear as shown 
in figure 1308c. The third slave appears alternately on the two traces, but at such 
a rate that it seems continuous at both places. It is used only when a check is needed. 
on the position determined by the first two slaves, or when these do not provide a 
reliable fix. 

In the gee system, base lines are about 70 to 80 miles long, the appropriate length 
for the coverage area. Gee is considered a medium-base-line system. Readings 
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FieureE 1308a.—Typical sequence of gee signals. 
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FigurE 1308b.—Typical appearance Figure 1308¢.—Gee signals correctly 
of signals on a gee scope. matched. 


are based upon direct waves. Under good conditions readings can be made with an 
error not exceeding 2/3 microsecond. As in other hyperbolic systems, maximum ac- 
curacy of position occurs along the base line, where a 2/3 microsecond time difference 
represents a distance of 0.054 mile, or 328 feet. 

The Germans at one time used gee under the title hyperbol. 

1309. Decca is a British hyperbolic navigation system using phase comparison 
for determining difference of distances from the transmitters. Each chain consists of 
one master and three slaves. In the ideal installation the slaves are equally spaced 
“mee the circumference of a circle 70 to 80 miles in radius, with the master at the 
center. 


Each station transmits a continuous wave at a different frequency, the four fre- 
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quencies for a chain being in the ratio 5, 6, 8, and 9, and the entire group being in the 
70-130 ke band. In a typical installation the master uses 85 ke and the slaves 70.833, 
113.333, and 127.500 ke. For purposes of identification, these slaves are designated 
purple, red, and green, respectively. 

The receiving unit consists of four receivers, one for each frequency, and circuits 
for comparing the phase of each slave signal with that of the master signal. If the signals 
are in phase at the time of transmission, they will also be in phase along the center line 
of each pair of transmitters. If a receiving unit were at the intersection of the center 
line and the base line, zero phase difference would be measured. If the unit then 
moved along the base line, the phase of signals from the station approached would 
decrease, and that of signals from the other station would increase. At a distance 
equal to half the wave length of the comparison frequency (the least common multiple 
of the two transmission frequencies), the signals would again be in phase, one signal 
being half a cycle less, and the other half a cycle more than at the center line. A line 
through all points having this phase relationship would be a hyperbola (assuming a 
plane surface). A series of such lines could be drawn, each representing a specific 
phase relationship. 

Along the base line, the distance the receiving unit would travel from one in-phase 
condition to the next would be about 1157, 1446, and 1928 feet, respectively, for the 
three slaves operating at the frequencies stated above. The distance between in-phase 
hyperbolas becomes greater as the curves fan out from the base line. The area between 
any two consecutive in-phase hyperbolas is called a lane. Within each lane all phase- 
difference readings are available. The measurement is shown automatically on a dial 
called a Decometer, one being provided for each slave. If there were no way of determin- 
ing in which lane the receiving unit was located, the position would need to be known 
to a high degree of accuracy to resolve the ambiguity. Lane identification is provided 
by periodic transmission of signals producing a coarser pattern. At short intervals 
each Decometer identifies the lane. 

Each Decometer indicates hundredths of a lane width, and a series of Decca 
charts having hyperbolas printed in colors agreeing with the identification colors of the 
slaves permit determination of position by direct plot, as on loran charts (art. 1307). 
Two slaves provide a fix, the third serving as a check and permitting fixing in areas un- 
favorable to one of the slaves. To obtain a position, one has merely to read the 
Decometers and locate the common intersection of the two or three lines indicated. 
There is no manipulation of dials or matching of signals. 

Since the reading is to a precision of 0.01 lane width, the theoretical accuracy is 
about 12, 14, and 19 feet, respectively, along the base lines between the master and 
each of the three slaves. The practical accuracy is considerably less, but still very 
good, the average error along the center line being about as follows, according to The 
Decca Navigator Company, Ltd.: 


Nautical miles from Line of position errors in yards 
master station Day Night 
100 30 100 
150 60 250 
200 100 500 
250 150 800 


American tests indicate a somewhat greater error, with further increase with distance 
from the center line. The greater error by night is due to mingling of sky waves and 
ground waves. This factor reaches a maximum at a distance of about 350 miles. 
Signals of reasonable strength have been received at distances as great as 1,000 miles, 
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but the reliable day-and-night range is considered to be 240 miles. Even if good 
signals are received at greater distances, good fixes are not available because of the 
small angle of intersection of the lines of position, unless readings are taken from 
different chains. 

Decca coverage extends over much of western Europe and parts of eastern Canada, 
the Persian Gulf, and the Bay of Bengal. 

1310. Lorac is a hyperbolic system using phase comparison of beat frequencies 
(art. 1108) to measure difference of distances from transmitters. Each chain consists 
of a central station and two side stations. Some installations also have an additional 
station called the reference station. These stations provide two families of curves by 
which position can be determined. 

The continuous-wave signals from the central station and one of the side stations 
are received at the second side station and also at the vessel. At each receiver, the 
two signals are combined to obtain a beat frequency signal in the audio frequency 
range (art. 1003). At the second side station, the beat frequency signal is used to mod- 
ulate (art. 1016) the carrier wave of the transmitter at that station. This transmitter 
then sends a phase wave signal to the vessel. This received phase wave signal is com- 
pared with another phase wave signal produced at the vessel. The signal produced at 
the vessel is obtained from signals received from the central station and the first side 
station. The phase difference of these two phase wave signals varies with the position 
of the vessel, and depends on the difference in distances from the central station and 
the first side station. Thus, phase differences determine a family of hyperbolas. A 
second family of hyperbolas is produced similarly but from signals originated from the 
central station and the second side station. 

As in Decea (art. 1309), the readings appear automatically and continuously on 
dials. Charts showing the lines of position are needed. Because of the frequencies 
used, in the 1,700 to 2,500 ke region, the lanes are very narrow, providing accuracies 
of the order of three feet along the base lines. However, the system does not provide 
a method of lane identification. It is intended primarily for use in surveying, where the 
survey vessel starts from a known position. Changes in lane are indicated automaticall yi 

The name Lorace is derived from long range accuracy. It is intended for use 
for distances up to 100 to 150 miles ty day and 75 to 100 miles by night. Accordingly, 
the base lines are about 35 miles long. The intended distances are considered long 
range for the surveying accuracy claimed. 

1311. Hyperbolic Raydist is basically similar to Lorac (art. 1310), but differs in 
several respects. Raydist places one of the transmitters at the mobile station (the 
vessel), and uses frequency modulation (art. 1016) for relaying the audible signal. 
Indication can be provided at either the mobile station or one of the fixed stations, 
but a limited number of mobile stations can be accommodated simultaneously. The 
frequency range is 1,600 to 2,500 ke, although Raydist can also be used in the 100-150 
ke and 30-40 me regions. An accuracy of 25 feet has been attained at 50 miles. Under 
favorable conditions readings can be obtained at distances as great as 250 miles. As 
with Lorac, hyperbolic Raydist does not provide lane identification. 

Pure-range Ravdist is discussed in article 1214. 

1312. Consol (art. 1206) is a short-base-line hyperbolic system providing a rotating 
pattern of dot-dash signals. Because of the short base line and the long ranges at which 
the signals are available, the system is used as a directional one. 

1313. Sofar is a hyperbolic system using sound transmissions in the ocean. The 
speed of sound in sea water generally decreases with depth until a minimum is reached, 


below which the speed increases (art. 3503). The existence of such a minimum-speed 
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level permits transmission of sound over great distances, a range of more than 3,000 
miles having been achieved. If a sound, as that of an explosion, is created in or near 
the minimum-speed level, and microphones are located at the correct depth, a single 
signal may be received at several widely spaced listening stations. The differences 
in time of reception at these stations define hyperbolas. The origin of the sound can 
be located by reference to a chart on which the hyperbolas have been printed. The 
name sofar is derived from sound fixing and ranging. 

Sofar was developed by the U. S. Navy, for possible use in search and rescue 
operations. One set of four sofar listening stations has been installed in the California- 
Hawaii area for experimental purposes. A small depth charge, dropped overboard by 
the craft, explodes at the proper depth. The time of reception of the signal at the 
four stations is automatically timed to an accuracy of about 0.1 second. Comparison 
of the times at the various stations provides readings which can be translated into 
position by reference to a sofar chart. Location of the stations is such that position 
can be determined within an elongated area about one and one-half miles wide and 
four miles long. About 20 minutes are needed for the sound to travel 1,000 miles. 
At this distance, a signal is heard over a period of about 12 seconds, gradually building 
up intensity to a maximum, with a sharp cut-off announcing the arrival of the direct 
signal, the instant of time measurement. 

An intervening obstruction such as an island or seamount produces “‘shadows’’ 
which interfere with reception of sofar signals. One reason for selection of the Cali- 
fornia-Hawaii area as the site for the first installation is its freedom from obstructions. 

Rafos (‘‘sofar’’ spelled backwards) is the reverse of sofar, sound signals being 
produced at the shore stations and the differences in reception times being determined 
at the vessel, using a microphone lowered to the correct depth. 

1314. Omega is an experimental, very low frequency, hyperbolic navigation 
system. The predicted fix accuracy of this system is 0.5 mile or better at a range of 
5,000 miles. The basic system will have lanes approximately 15 miles wide over most 
of the coverage area. Lane identification can be provided by the use of a second 
frequency. 


Problems 


1307a. The 0630 DR position of a ship is lat. 42°52'2N, long. 62°28‘'5W. The 
ship is on course 330°, speed 20 knots. About this time loran readings are obtained, 
as follows: 
0621 1H4 Ts, 6254 
0630 1H2 Tg, 2193 


Required.—The 0630 fix, using appéndix BB. (Plot can be made directly on fig. 
1307a.) 

Answer.—0630 fix: L 42°50/3N, \ 62°32'0 W. 

1307b. The 2000 DR position of a ship is lat. 35°26’ N, long. 125°29’W. About 
this time loran readings are made in quick succession, as follows: 


1958 2H5 Ts 3115 
2000 2H2 Te. 3356 
2002 2H3 To, 3523 


Required.—The 2000 fix, using figure 1307b. 
Answer.—2000 fix: L 35°29’N, d 128°25’ W. 
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CHAPTER XIV 
NAVIGATIONAL ASTRONOMY 


Preliminary Considerations 


1401. Introduction.—Astronomy is that science which deals with the size, con- 
stitution, motions, relative positions, etc., of celestial bodies. Navigational astronomy 
is that part of astronomy of direct use to a navigator, comprising principally celestial 
coordinates, time, and the apparent motions of celestial bodies with respect to the 
earth. Sometimes it is called nautical astronomy. 

1402. Apparent and absolute motions.—All celestial bodies of which man has 
knowledge are in motion. Since the earth itself is one of these moving bodies, the 
motion of other bodies, as seen by an observer on the earth, is apparent motion. If 
the earth were stationary in space, any change in the position of another body, relative 
to the earth, would be due only to the motion of that body. This would be absolute 
motion, or motion relative to a fixed point. But since it has been impossible to identify 
a fixed point in space, all motion of which man is aware is apparent, made up of a 
combination of the movement of the other body and the motions of the observer. 
A person without suitable instruments is not aware of motion in the line of sight, and 
therefore only motions across the line of sight are observed. 

Since all motion is relative, one should be cognizant of the position of the ob- 
server when motions are discussed. When one speaks of planets following their orbits 
around the sun, he is placing the observer at some distant point in space, usually one 
of the poles of the ecliptic (art. 1419). When he speaks of a body rising or setting, 
the observer is on the earth. If he refers to a particular rising or setting, he must 
locate the observer at a particular point on the earth, since the setting sun for one 
observer may be the rising sun for another. At the same time it may be crossing the 
meridian of a third observer. 

1403. The celestial sphere.—As one looks at the sky on a dark night, he is not 
aware of the differences in the distances to the various celestial bodies. They might 
easily be imagined as being equally distant from the earth, all located on the inner 
surface of a vast hollow sphere of infinite radius, with the earth at its center. This is 
the celestial sphere (fig. 1403). For most purposes of navigation it can be considered 
an actuality. Since the navigator is concerned primarily with apparent motion for an 
observer on the earth, this geocentric universe of Ptolemy (art. 121) is a useful concept. 
While the motions of various bodies relative to each other are important to the astrono- 
mer who predicts future positions of celestial bodies, and perhaps to the navigational 
scientist who designs navigation tables, the navigator speaks of bodies rising, crossing 
the celestial meridian, and setting, as though these were absolute motions. 

1404. Units of astronomical distance.—The distances between celestial bodies, 
even those within a single family such as the solar system, are so great that 
terrestrial units are unsatisfactory to express them. The units commonly used for 
astronomical distances are: 

Astronomical unit (AU), the mean distance between the earth and the sun, 
approximately 92,900,000 statute miles. The astronomical unit is often used as a unit 


of measurement of distance within the solar system. te 
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Figure 1403.—The celestial sphere. 


Light-year, the distance light travels in one year. Since the speed of light is 
about 186,000 statute miles per second and there are about 31,600,000 seconds per 
year, the length of one light-year is about 5,880,000,000,000 (5.88 10'2) statute miles, 
or 63,300 astronomical units. The light-year is commonly used for expressing distances 
to the stars and galaxies. Alpha Centauri and its neighbor Proxima, generally con- 
sidered the nearest stars, are 4.3 light-years away. Relatively few stars are less than 
100 light-years away, and the most distant galaxies thus far observed are 1.6 billion 
light-years away. However, most navigational stars are relatively close. Light 
travels from the sun to the earth in about 8% minutes, and from the moon to the earth 
in about 1% seconds. 

Parsec, the distance at which the heliocentric parallax (difference in apparent 
position as viewed from the earth and the sun) is 1”. ~At this distance a star would 
appear to change its position 2” among the distant stars, if observed from points 180° 
apart on the earth’s orbit. The name is derived from the first letters of the words 
parallax and second. One parsec is equal to about 3.26 light-years. Hence, even the 
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nearest star is more than one parsec away. This unit is used to express distances to 
stars and galaxies. 

The difficulty of illustrating astronomical distances and sizes is indicated by the 
fact that if the earth were represented by a circle one inch in diameter, the moon would 
be a circle one-fourth inch in diameter at a distance of five feet, the sun would be a circle 
nine feet in diameter at a distance of nearly a fifth of a mile, and Pluto would be a circle 
half an inch in diameter at a distance of about seven miles. The nearest star would be 
one-fifth the actual distance to the moon. 

1405. Magnitude.—The relative brightness of celestial bodies is indicated by a 
seale of stellar magnitudes. In the Almagest (art. 121) Ptolemy divided the stars into 
six groups according to brightness, the 20 brightest being classified as of the first mag- 
nitude, and the dimmest being of the sixth magnitude. In modern times, when it 
became desirable to define more precisely the limits of magnitude, a first magnitude 
star was considered 100 times brighter than one of the sixth magnitude, the approximate 
value of Ptolemy’s ratio. Since the fifth root (art. O9) of 100 is 2.512, this number 
is considered the magnitude ratio. A first magnitude star is 2.512 times as bright as a 
second magnitude star, which is 2.512 times as bright as a third magnitude star, etc. A 
second magnitude star is 2.512 X 2.512=6.310 times as bright as a fourth magnitude star. 
A first magnitude star is 2.512=100*=100,000,000 times as bright as a star of the 
twenty-first magnitude, the dimmest that can be seen through the 200-inch telescope. 

Brightness is normally tabulated to the nearest 0.1 magnitude, about the smallest 
change that can be detected by the unaided eye of a trained observer. In the American 
Ephemeris and Nautical Almanac it is given to the nearest 0.01 magnitude, for precise 
astronomical purposes. All stars of magnitude 1.50 or brighter are popularly called 
“first magnitude” stars. Those between 1.51 and 2.50 are called ‘second magnitude” 
stars, those between 2.51 and 3.50 are called “third magnitude” stars, ete. Sirius, the 
brightest star, has a magnitude of (—) 1.6. The only other star with a negative 
magnitude is Canopus, (—) 0.9. At greatest brilliance Venus has a magnitude of 
about (—) 4.4. Mars, Jupiter, and Saturn are sometimes of negative magnitude. 
The full moon has a magnitude of about (—) 12.6, but varies somewhat. The mag- 
nitude of the sun is about (—) 26.7. 


The Universe 


1406. The solar system.—The sun, the most conspicuous celestial object in the 
sky, is the central body of the solar system. Associated with it are at least nine 
principal planets, of which the earth is one; a number of satellites accompanying some 
of the planets; thousands of minor planets or asteroids; multitudes of comets; and vast 
numbers of meteors. 

1407. Motions of bodies of the solar system.—<Astronomers distinguish between 
the two principal motions of celestial bodies, as follows: rotation is a spinning motion 
about an axis within the body, while revolution is the motion of a body in its elliptical 
orbit around another body, called its primary. For the satellites, the primary is a 
planet. For the planets and other bodies of the solar system, the primary is the sun. 
The entire solar system is held together by the eravitational force of the sun. The 
whole system revolves around the center of its galaxy (art. 1415) as a unit, and the 
galaxy is probably in motion relative to its neighboring galaxies. The motion of 
bodies of the solar system relative to surrounding stars is called space motion. 

Rotation and revolution may be further classified as synodic or sidereal. During 
one synodic rotation the body makes one complete turn relative to the sun. On the 
earth it is called an apparent solar day. During one sidereal rotation the body makes 
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one complete turn relative to the stars. Because of motion of the body in its orbit, a 
sidereal rotation is either longer or shorter, by a small amount, than a synodic rotation. 
If both rotation and revolution are in the same direction (in the solar system they are 
both east for most bodies, that is, counterclockwise as seen from above the north pole) 
the sidereal rotation is shorter. During a synodic revolution a celestial body makes one 
trip around the sun, as viewed from the earth. Hence, the earth cannot have a synodic 
revolution. During a sidereal revolution, a celestial body makes one trip around its 
orbit with respect to the stars; to an observer on the celestial body, the sun would 
appear to make one trip around the celestial sphere, with respect to the stars. On the 
earth this is one year. 

All of the planets are believed to be in rotation, although this point is in doubt in 
the case of Venus and, to a lesser extent, Mercury. The periods of rotation of these 
bodies have not been established because of the absence of visible surface markings of 
sufficient constancy to permit measurement. The period of Mercury has been estab- 
lished tentatively as 88 days. The rotation of all planets is from west to east, with 
the possible exception of Uranus (i’ra@-ntis) (art. 1411). 


Figure 1407a. 


Relative size of planetary orbits. 


All of the planets revolve around the sun in nearly circular orbits. The flattening 
or eccentricity of the earth’s orbit is only 0.017 (zero would be a circle). Some of the 
minor planets have orbits more eccentric than that of any principal planet (note the 
orbit of Hidalgo in fig. 1407a). The orbits of comets are highly eccentric. he orbits 
of all known planets except Pluto are in nearly the same plane, that of the ecliptic 
(art. 1419). The orbit of Pluto is inclined more than 17° to the ecliptic 

The laws governing the motions of planets in their orbits were discovered by 
Johannes Kepler, and are now known as Kepler’s laws: 

1. The orbits of the planets are ellipses, with the sun at a common focus. 

2. The straight line joining the sun and a planet (the radius vector) sweeps over 
equal areas in equal intervals of time. 

3. The squares of the sidereal periods of any two planets are proportional to the cubes 
of their mean distances from the sun. 

In 1687 Isaac Newton stated three “laws of motion,’’ which he believed were 
applicable to the planets. Newton’s laws of motion are: 

1. Every body continues in a state of rest or of uniform motion in a straight line 
unless acted upon by an external force. 
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2. When a body is acted upon by an external force, its acceleration is directly pro- 
portional to that force, and inversely proportional to the mass of the body, and acceleration 
takes place in the direction in which the force acts. 

3. To every action there is an equal and opposite reaction. 

From Kepler’s laws and his own, Newton fashioned a single universal law of gravita- 
tion, which he believed applied to all bodies, although it was based upon observation 
within the solar system only: 

Every particle of matter attracts every other particle with a force that varies directly 
as the product of their masses and inversely as the square of the distance between them. 

According to these laws the planets remain in their orbits because of a balance 
of forces between the gravitational attraction of the sun and the tendency of the planet 
to continue in motion along a straight line. As a planet approaches closer to the sun, 
its gravitational attraction increases, but by Kepler’s second law the speed increases, 
resulting in stronger centrifugal force. These laws (Newton’s laws of motion) have 
been modified very slightly by Albert Einstein’s theory of relativity. 
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Figure 1407b.—Orbits of the earth and moon. 


Both the sun and each body revolve about their common center of mass. Because 
of the preponderance of the mass of the sun over that of the individual planets, the 
common center of the sun and each planet except Jupiter lies within the sun. The 
common center of the combined mass of the solar system moves in and out of the sun. 

The various laws governing the orbits of planets apply.equally well to the orbit 
of any body with respect to its primary. 

In each planet’s orbit that point nearest the sun is called the perihelion. That 
point farthest from the sun is called the aphelion (4-fé’lé-6n). The line joming perihelion 
and aphelion is called the line of apsides (ap’si-déz), In the orbit of the moon, 
that point nearest the earth is called the perigee, and that point farthest from the earth 
is called the apogee. Figure 1407b shows the orbit of the earth (with exaggerated 
eccentricity), and the orbit of the moon around the earth. 
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1408. The sun is the dominant member of the solar system because its mass is 
nearly a thousand times that of all other bodies of the solar system combined. It 
supplies heat and light to the entire system. 

‘The diameter of the sun is about 866,000 miles. At the distance of the earth, varying 
between 91,300,000 and 94,500,000 miles, the visible diameter is about 32’. At the 
closest approach early in January the sun appears largest, being 32/6 in diameter. 
Six months later the apparent diameter is 31/5, the minimum. 

Of the various physical features of the sun, one of particular interest is the appear- 
ance from time to time of sun spots on the surface (fig. 1408). These spots are appar- 
ently areas of cooler gas which have risen to the surface and appear dark in contrast 
to the hotter gases around them. In size 
they vary from perhaps 50,000 miles in 
diameter to the smallest spots that can be 
detected (a few hundred miles in diameter), 
and perhaps smaller. They generally ap- 
pear in groups. At the start of each cycle 
of about 11 years the spots appear at a 
maximum distance of about 40° on each 
side of the solar equator. Succeeding 
spots of the cycle appear progressively 
closer to the solar equator, until a mini- 
mum solar latitude of 5° may be reached. 
The maximum number of sun spots occurs 
about midway in the cycle, when the spots 
are about 16° from the solar equator. 
The present cycle began in 1954, and 
should reach maximum activity late in 
1959, with a new cycle beginning about 
1965. Large sun spots can be seen with- 
out a telescope if the eyes are protected, 
as by the shade glasses of a sextant. Sun 
spots have magnetic properties. For one 
cycle all spots north of the solar equator 
are of positive polarity, and all those to 
the south are of negative polarity. Dur- 

Courtesy of Mt. Wilson and Palomar Observatories. ing the next cycle, which may begin before 

Fiaure 1408.—Whole solar disk and an enlarge- the last spots of the old cycle have disap- 

ment of the great spot group of April 7, 1947. peared, the polarity is reversed. Sun an 

are related to magnetic storms which adversely affect radio, including radio ‘aids 

to navigation, on the earth. At such times the auroras (art. 2526) are particu- 
larly brilliant and widespread. 

The sun rotates on its axis, the period of rotation varying from about 25 days at 
the solar equator to 34 days at the poles, but this fact has little or no navigational 
significance beyond its effect upon the changing positions of sun spots relative to the 
earth. The sun is moving approximately toward Vega at about 12 miles per second, 
or about two-thirds as fast as the earth moves in its orbit around the sun. The path 
of the sun toward Vega is called the sun’s way. This is in addition to the motion of 
the sun around the center of its galaxy (art. 1415). 

1409. Planets.—The principal bodies having nearly circular orbits around the 
sun are called planets, from a Greek word meaning “‘wandering.”’ They were so named 
because they were observed to change position or ‘wander’ among the ‘fixed stars”’ 
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which remained in about the same positions relative to each other. Because the sun 
and moon had a similar wandering motion, the ancients considered them planets, also. 

Nine principal planets are known. In order of increasing distance from the sun, 
these are Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto. 
Of these, only four are commonly used for celestial navigation. These are Venus, 
Mars, Jupiter, and Saturn, sometimes called the navigational planets. The two planets 
with orbits smaller than that of the earth are called inferior planets, and those with or- 
bits larger than that of the earth are called superior planets. The four planets nearest 
the sun are sometimes called the inner planets, and the others the outer planets. 
Jupiter, Saturn, Uranus, and Neptune are so much larger than the others that they 
are sometimes classed as major planets. Neptune and Pluto are not visible to the 
unaided eye, and Uranus is barely so, being of the sixth magnitude. 

The orbits of the many thousand tiny minor planets lie chiefly between the orbits 
of Mars and Jupiter. 

Six of the planets are known to have satellites, a total of 31 having been discovered. 
Mercury, Venus, and Pluto have no known satellites. 

Various items of general interest regarding the planets are given in appendix F. 

1410. The earth as a planet.—In common with other planets, the earth rotates on 
its axis and revolves in its orbit around the sun. These actual motions (discussed in 
articles 1416 and 1417) are the principal source of the apparent motions of other celes- 
tial bodies. Also, the rotation of the earth results in a deflection of water and air 
currents to the right in the northern hemisphere and to the left in the southern hemi- 
sphere. Because of the earth’s rotation, the high tides on the open sea !27 behind the 
meridian transit of the moon. 

For most navigational purposes, the earth can be considered a sphere, but, like the 
other planets, the earth is approximately an oblate spheroid, or ellipsoid of revolution, 
being flattened at the poles and bulged at the equator. Therefore, the polar diameter 
is less than the equatorial diameter, and the meridians are slightly elliptical, rather 
than circular. The dimensions of the earth are recomputed from time to time, as 
additional and more precise measurements become available. Since the earth is not 
exactly an ellipsoid, results differ slightly when equally precise and extensive measure- 
ments are made on different parts of the surface. Hence, different ‘‘spheroids’’ are 
used for mapping various parts of the earth. That used for charts of North America 
was computed by the English geodesist A. R. Clarke in 1866. However, since Clarke 
did not clearly define his units, the U. S. Coast and Geodetic Survey in 1880 considered 
it desirable to adopt standard values which probably added about 170 feet to the 
diameter computed by Clarke. In 1880, also, Clarke himself made a new estimate of 
the size and shape of the earth but this has not been adopted by the United States. 
Although the Clarke spheroid of 1866 is still used for charting North America, the 
International Spheroid, based upon work done by Hayford in 1909-10, is considered 
a slightly better approximation of the size and shape of the earth. According to these 
calculations, the dimensions of the earth are: 


Equatorial diameter (2a) =7,926.694 statute miles=6,888.110 nautical miles 


Polar diameter (26) =7,900.004 statute miles=6,864.918 nautical miles 
Mean diameter =7,917.797 statute miles=6,880.379 nautical miles 
2(a—b) = 26.690 statute miles= 23.192 nautical miles 
a—b 2(a—b) 26.690 23.192 1 
OO hago) Sa 07 7,926604 | 6.888.110 297 


The mean diameter is the average of the polar diameter and two equatorial diameters 


2(2a+6 
perpendicular to each other (the three dimensions of the solid), or ser). 
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Because of unequal distribution of mass near the surface of the earth, the direction 
of gravity is tilted slightly at various places. The amount of tilt is called deflection 
of the vertical (art. 1610). If the surface of the spheroid is altered so as to be everywhere 
perpendicular to the direction of gravity, the earth is considered a geoid. 

The average density (ratio of mass of the earth to mass of an equal volume of water) 
is 5.517. This is greater than that of any other planet, as far as is known (the density 
of Pluto has not been determined). The total mass is about 6,600,000,000,000,000,000,000 
(6.6 X10!) short tons. Virtually all statements regarding the interior of the earth are 
matters of conjecture, but it is believed that the density increases from about three at 
the surface to about ten at the center, where the temperature is believed to be close to 
5,000° F. The earth is generally considered to be composed of a solid shell several 
hundred miles thick surrounding a molten interior, but there is some evidence to sup- 
port the belief that it is solid throughout. 

Since gravity acts approximately toward the center of the planet, the direction 
“up” varies with the observer, being nearly perpendicular to the spheroid at all places. 
In general, gravity increases with latitude, because both the distance from the center of 
the earth and the centrifugal force decrease. 

One of the conditions considered essential to life on any celestial body is the exist- 
ence of an atmosphere. Whether or not a body has an atmosphere depends at least 
partly upon its velocity of escape, or the speed the molecules of the gas making up the 
atmosphere must attain to overcome the force of gravity. The velocity of escape of 
the earth is about 6.94 statute miles per second, at the surface, and decreases slowly 
with distance from the earth. Since the molecules of the earth’s atmosphere rarely 
exceed this value for a sufficiently long time to escape, the earth has lost relatively 
little of its atmosphere. The velocity of escape is approximated by a space ship leaving 
the earth. 

The total mass of air surrounding the earth is 5,800,000,000,000,000 (5.8 101°) 
short tons. This is less than a millionth part of the mass of the entire earth. The 
average pressure exerted by this envelope of air is 14.696 pounds per square inch. The 
pressure decreases rapidly with altitude. About half of the atmosphere is within 18,000 
feet (about 3.5 miles) of the surface. Breathing begins to be labored at 10,000 feet. 
Twilight extends to about 50 miles. Meteors generally appear at about 50 miles. 
Auroral phenomena may be as low as 40 miles, and may extend as high as above 500 
miles (fig. 1410). 

The lower portion of the atmosphere, the troposphere, is composed of the following 
elements, in addition to dust and water vapor: 


Element Percent 

Nitrogen 78.08 

Oxygen 20.95 

Argon 0.93 

Carbon 0.03 

Neon 0.0018 

Helium 0.000524 

Krypton 0.0001 

Hydrogen 0.00005 

Xenon 0.000008 

Ozone 0.000007 (increasing with altitude) 
Radon 0.000000000000000006 (decreasing with altitude) 


To the precision given, the first four elements total 99.9 percent. 
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The atmosphere is considered to be composed of several distinctive layers, as 
follows (fig. 1410): 


Height 

Layer Kilometers Statute miles Upper limit 
Troposphere O-11 0-6.8 'Tropopause 
Stratosphere 11-32 6.8-19.9 Stratopause 
Chemosphere 32-80 19.9-45.7 Chemopause 
Ionosphere 80-400 45.7-248.5 Ionopause 
Mesosphere 400-1000 248.5-621.4 Mesopause 
Exosphere Above 1000 Above 621.4 


In addition to providing life-sustaining oxygen, the atmosphere makes the earth a 
more habitable place by holding the moisture that produces rain, preventing an ex- 
cessive change of temperature of several hundred degrees between day and night, 
shielding the surface from an overdose: of cosmic rays, providing a medium to permit 
sound to occur, and providing the sky and cloud coloring that adds beauty to man’s 
surroundings. If there were no atmosphere, stars would shine with a steady light 
day and night, the sky would be black, complete darkness would prevail in shadows, 
and there would be no twilight. It is the atmosphere that produces the refraction 
which causes celestial bodies to appear elevated in the sky (art. 1613). 

1411. Other planets and the minor planets.—Mercury in some ways resembles the 
moon more than it does other planets. Its diameter is only about 50 percent larger than 
that of the moon and about the same as those of Jupiter’s two largest satellites. Like 
the moon it has little or no atmosphere, and is believed to keep the same side turned 
toward its primary. Mercury’s mass is only four percent that of the earth, and its 
orbit is so small that the planet is never seen more than about 28° from the sun. It 
is for this reason that Mercury is not commonly used for navigation. Near greatest 
elongation (art. 1422) it appears near the western horizon after sunset or the eastern 
horizon before sunrise. At these times it resembles a first magnitude star, and is 
sometimes reported as a new or strange object in the sky. As seen from the earth, 
Mercury goes through all the phases of the moon, and occasionally transits (crosses) 
the face of the sun, appearing as a tiny, dark, inconspicuous dot on the surface. Mer- 
cury has no known satellite. 

Venus, like Mercury, has no known satellite, goes through the various phases of 
the moon, and may transit the sun. In size of orbit, sidereal period of revolution, 
diameter, volume, mass, density, and surface gravity it resembles the earth more than 
any other planet. Its orbit is more nearly circular than that of any other planet 
(eccentricity 0.007). At maximum brilliance, about five weeks before and after inferior 
conjunction (art. 1422), it has a magnitude of about (—)4.4 and is brighter than 
any other object in the sky except the sun and moon. At these times it can be seen 
during the day, and is sometimes observed for a celestial line of position. The surface 
of the planet has not been observed because it is covered by a layer of dense clouds or 
gases. Its period of rotation is believed to be of the order of four or five weeks. 

Mars (fig. 1411) has a diameter only a little more than half that of the earth, and a 
mass of 11 percent as much, although its density is nearly 72 percent that of the earth. 
It has a thin atmosphere, but few clouds. Its day is only slightly longer than that 
on the earth, but its year is nearly twice as long. Being a superior planet (art. 1409), 
it is seen only in the full or gibbous phase (art. 1423). When nearest the earth, its 
apparent diameter is about eight times that at conjunction (art. 1422). Mars has 
two satellites. Phobos is about ten miles in diameter and has an orbit only about 50 
percent greater than the diameter of Mars. To an observer on Mars it would appear 
about a third as large as the moon does to an observer on the earth, and would appear 
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to rise in the west and set in the east, going through three-fourths of its cycle of phases 
while above the horizon. It would do this twice each day, since its sidereal period of 
revolution is only about half the period of rotation of Mars. No other natural satellite 
is known to revolve faster than its primary rotates. Deimos is only about five miles in 
diameter, and at greatest brilliance would appear as a very bright star. About two 
days would elapse between rising and setting, during which it would go through the 
various phases twice. 

Jupiter (fig. 1411), largest of the known planets, has more than twice the mass of all 
other known planets combined. Its density is low and its rotation fast (9"°50™), resulting 
in a pronounced equatorial bulge. It is believed to have a dense, solid core, sur- 
rounded by lighter material, and a deep atmosphere of ammonia, methane, helium, 


JUPITER 


SATURN 


Courtesy of Mt. Wilson and Palomar Observatories. 


Figure 1411.—Mars, Jupiter, Saturn, and Pluto. First three photographed with 100-inch 
telescope, Pluto with 200-inch telescope. 


and hydrogen. Two of Jupiter’s twelve known satellites are about the same size as 
Mercury, and may have atmospheres. The four outermost satellites revolve from 
east to west, opposite to the general direction of revolution within the solar system. 
Saturn (fig. 1411) is the only planet having a density less than that of water, yet it 
has a mass of nearly one-third that of Jupiter, and nearly three times that of all other 
known planets combined. Its composition is believed to be similar to that of 
Jupiter. It is more oblate than any other known planet. Perhaps the most inter- 
esting feature of this planet is its rings, composed of a great number of small solid 
particles spread out in three thin, flat rings more than 170,000 miles in diameter. The 
particles nearest the planet revolve more rapidly than those farther out, the innermost 
ones completing a revolution in less time than the planet completes a rotation. During 
half the 29.5-year sidereal period of revolution of the planet one side of the rings is 
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visible to observers on the earth, and during the second half of the period the opposite 
side is visible. Saturn has nine known satellites, the outermost one of which revolves 
from east to west. 

Uranus is barely visible to the unaided eye, being of the sixth magnitude. It is 
a comparatively large planet, and probably is similar in composition to Jupiter and 
Saturn. The inclination of the equator of Uranus to the plane of the ecliptic is 98°, or 
82° if the revolution is considered from east to west. Its five known satellites, all 
small, revolve in the equatorial plane, in the same direction as that of rotation of the 
planet. 

Neptune is slightly smaller than Uranus, but has greater mass, and a longer period 
of rotation. Relatively little is known of this remote planet of the eighth magnitude. 
However, it is known to have two satellites, the larger (probably bigger than the 
moon) revolving from east to west. 

Pluto (fig. 1411) was identified in 1930. It is of the 15th magnitude, and cannot 
be seen in small telescopes. In all but the 200-inch telescope it appears as a point of light. 
Its diameter is less than half that of the earth. Its orbit is the most eccentric and has 
the greatest inclination to the ecliptic of any of the known planets. At perihelion it 
is closer to the sun than Neptune, and there is some evidence to support the view that 
it was at one time a satellite of the larger planet. 

Minor planets. About 1,500 of these tiny planets have been discovered, but it is 
estimated that there may be as many as 40,000 bright enough to be seen by the largest 
telescopes, when they are nearest the earth. The largest, Ceres, has a diameter of 
about 480 miles. All but a few are less than 100 miles in diameter. Since there is 
no known lower limit, there may be no distinction between minor planets and meteors. 
The combined mass of all minor planets probably does not exceed 0.1 percent that of the 
earth. The orbits, of various degrees of eccentricity and inclination to the ecliptic, 
lie mostly between those of Mars and Jupiter. However, at perihelion some of the 
minor planets are inside the earth’s orbit. The orbit of Hidalgo is shown in figure 1407a. 

1412. The moon is the only satellite of direct navigational interest, although the 
satellites of Jupiter were at one time used to determine Greenwich mean time, so that 
longitude could be found (art. 126). The rotation and revolution of the moon are 
both west to east, and both are of the same duration, 27407°43™1185 with respect to 
the stars (the sidereal month) and 29°12"44™02°8 with respect to the sun (the 
synodical month). Because there is no difference in the periods of rotation and revolu- 
tion, the same side of the moon is always turned toward the earth. However, about 59 
percent of the moon’s surface has been seen, due to libration. Libration in latitude 
occurs because the axis of rotation is tilted about 6°5 with respect to the axis of revolu- 
tion. Libration in longitude occurs because the speed of revolution varies in accordance 
with Kepler’s second law (art. 1407), while the rotational speed is essentially constant. 
Diurnal libration occurs because of the changing position of the observer relative to 
the moon, due to rotation of the earth. Physical libration is a small pendulum-like 
rotational oscillation of the moon with respect to its radius vector. 

At perigee the moon is about 221,000 statute miles from the earth’s center, and 
at apogee it is about 253,000 miles distant. The average distance is about 238,862 
miles. Because of the relative nearness of the moon, its geocentric parallax (difference 
in position relative to the background of stars, as observed from the surface and center 
of the earth) is comparatively large. It is a maximum when the moon is on the 
horizon, when it is called horizontal parallax. The equatorial horizontal parallax for 
an observer at the equator, where the maximum radius of the earth is involved, is 
tabulated in the Nautical Almanac and the American Ephemeris and Nautical Almanac, 
and used in sextant altitude corrections given in the nautical and air almanacs. The 
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parallax varies from a maximum at the horizon to zero at the zenith. The parallax at 
any altitude is sometimes called parallax in altitude. The apparent diameter of the 
moon is approximately the same as that of the sun, but varies through wider limits. 
Because the moon is so near, the radius of the earth is an appreciable percentage of the 
distance between earth and moon, and the apparent diameter of the moon increases a 
measurable amount as its altitude increases (decreasing the distance from the observer). 
This apparent increase is called augmentation (fig. 
1412). A similar effect for the sun is very small. 

As with the planets and sun, the moon and 
earth both revolve around their common center of 
mass, which is about 2,900 miles from the center of 
the earth. It is this center of mass that describes 
the orbit of the earth (and moon) around the sun. 

Because of its relative nearness and size, the 
moon is the principal source of the gravitational 
attraction that causes tides, although the sun has 
an appreciable effect, also. The action of these 
bodies in causing tides is described in article 3103. 
Because of the frictional action of tides, the rotation 
of the earth is slowing, the length of the day in- 
creasing about 08001 per century. 

On the moon, the day is equal in length to the 
synodical month (about 29% days). The earth would 
remain almost stationary in the sky for an observer 
on the 41 percent of the moon’s surface always visible 
from the earth, would rise and set at about the 
same point on the horizon for one on the 18 percent 
which is sometimes visible, and would never appear 
for one on the 41 percent not seen from the earth. 

Because of the relatively low velocity of escape 
(art. 1410) on the moon, 1.49 miles per second, this 
satellite has lost virtually all of its atmosphere, if it 
ever had one. Even water vapor is nonexistent, in- 
dicating an absence of water on the moon. Since 
there is practically no atmosphere, there is no sound, 
no twilight, and the temperature change between 
day and night is sudden and large, changing from 
perhaps (+) 200° F or more by day to about (—) 250° 
F by night. The sky is black and stars would be 
visible in broad daylight. Without water or air the 
moon has no clouds, no rain, no wind, no life. The Figure 1412.—Augmentation. 
numerous conspicuous “craters”? are probably the 
results of meteor falls. There is no atmosphere to slow the meteors, and no erosion 
to erase the marks they leave. The “‘seas’’ are relatively flat plains. Some of the 
mountains are high, the maximum height on the visible side being nearly 30,000 feet. 
Gravity on the surface of the moon is about one-sixth that on the surface of the earth. 
The mass of the moon is about % that of the earth. The diameter of the moon is 
2,160 miles. The size of the moon relative to the earth is greater than that of any 
other satellite relative to its planet. 

1413. Comets and meteors.—Comets are swarms of relatively small, widely 
separated, solid bodies held together by mutual attraction. Around this nucleus, a 


364 NAVIGATIONAL ASTRONOMY 


May 4 


May © 


Halley’s Comet 
in 1910 


May 15 May 23 May 28 June 3 June © June 9 Jone il 


Courtesy of Mt. Wilson and Palomar Observatories. 
Figure 1413.—Halley’s Comet; fourteen views, made between April 26 and June 11, 1910. 


more spectacular, gaseous head or coma and tail may form as the comet approaches 
the sun. The tail is directed away from the sun, so that it follows the head while the 
comet is approaching the sun, and precedes the head while the comet is receding. The 
total mass of a comet is very small, and the tail is so thin that stars can easily be seen 
through it. In 1910 the earth passed through the tail of Halley’s comet (fig. 1413) 
without noticeable effect. 

Comets are erratic and inconsistent. Some travel east to west and some west to 
east, in highly eccentric orbits inclined at any angle to the ecliptic. The shortest 
period of revolution is about 3.3 years. Some periods are so long that astronomers 
speculate as to whether some comets may not come in from outside the solar system 
for a single trip around the sun, and then leave the solar system, never to return. In 
such a case the orbit would be approximately a parabola (art. 034). 

Without their tails, which exist only when near the sun, comets are not spectacular. 
Because of the small size of their nuclei, which shine by reflected light from the sun, 
comets are visible for only a small part of their period of revolution, and this is the 
part of most rapid motion, in accordance with Kepler’s second law (art. 1407). An 
average of about five comets is observed each year, and about two-thirds of these are 
identified as previously observed comets. Very few comets are ever visible without 
a telescope. The spectacular Halley’s comet reached aphelion in 1948 and started 
back toward the sun. It is expected to reach perihelion about February, 1986. 
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Because of the great distances of the aphelion of some comets, a few astronomers 
have speculated that additional planets may exist beyond Pluto. This curiosity is 
heightened by the attempt of some astronomers to identify a family of comets with 
orbits of nearly equal size, similar to those associated with Jupiter, Saturn, Uranus, and 
Neptune. Massive planets may influence the orbits of comets, particularly at great 
distances from the sun. 

Meteors, popularly called shooting stars, are tiny, solid bodies too small to be 
seen until heated to incandescence by air friction while passing through the earth’s 
atmosphere. <A particularly bright meteor is called a fireball. One that explodes is 
called a bolide. A meteor that is not consumed during its fall through the atmosphere, 
but lands as a solid particle, is called a meteorite. These are composed principally of 
iron, with some nickel, and smaller quantities of other material. 

Vast numbers of meteors exist. It has been estimated that an average of about 
1,000,000 bright enough to be seen enter the earth’s atmosphere each hour, and many 
times this number undoubtedly enter, but are too small to attract attention. A faint 
glow sometimes observed extending upward approximately along the ecliptic before 
sunrise and after sunset has been attributed to the reflection of sunlight from quantities 
of such material. This glow is called zodiacal light. A faint glow at that point of the 
ecliptic 180° from the sun is called the gegenschein or counterglow. Comets may be 
an assemblage of a large number of meteors traveling together, and minor planets (art. 
1411) may be larger meteors. Meteor showers occur at certain times of the year when 
the earth is believed to be passing through meteor swarms, the scattered remains of 
comets that have broken up. At these times the number of meteors observed is many 
times the usual number. 

Since such large amounts of this material are in existence, much of it in an orbit 
near the ecliptic, and since the orbits of most minor planets lie between those of Mars 
and Jupiter, where astronomers compute the orbit of another planet should be located, 
it is possible that another planet may have existed there at one time and been disrupted, 
perhaps by an atomic explosion of hydrogen or other material. The estimated total 
mass of all meteors, comets, and minor planets would make a small planet, but if the 
material which has fallen on other planets and satellites, and perhaps some or all of the 
satellites themselves, are added, a sizeable planet might be accounted for. 

1414. Stars are distant suns, in many ways resembling the body which provides 
the earth with most of its light and heat. Even the nearest star is too distant to be 
seen as more than a point of light in the largest telescope. If planets, satellites, comets, 
etc., accompany those distant suns, as they do the one nearby, they have not been 
detected. However, comparatively dark companions of planetary size are known to 
accompany some stars. Nonluminous stars may exist, since most of the radio stars 
(points from which radio energy emanates) are not marked by a body visible to observers 
on the earth. The distance of the stars is so great that none is known to have a helio- 
centric parallax (difference in apparent position as observed from the earth and the sun) 
of as much as 1”. 

Stars differ in size from gaseous giants having diameters greater than that of the 
orbit of the earth, to dense dwarfs which may be no larger than the major planets. 
Although the size and density cover wide ranges, the mass does not differ greatly. 
Relatively few stars have more than five times or less than one-fifth the mass of the 
sun, which is also about average in size, density, and temperature. The color varies 
with the temperature. A very hot star, having a surface temperature of perhaps 20,000° 
K (Celsius absolute) or more, is bluish-white; while a cooler star, having a temperature 
of perhaps 2,000° K, is faintly reddish. In Orion, blue Rigel and red Betelgeuse, 
located on opposite sides of the belt, constitute a noticeable contrast. 
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Under ideal viewing conditions, the dimmest star that can be seen with the unaided 
eye is of the sixth magnitude. In the entire sky there are about 6,000 stars of this 
magnitude or brighter. Half of these are below the horizon at any time. Because of 
the greater absorption of light near the horizon, where the path of a ray travels for a 
greater distance through the atmosphere, not more than perhaps 2,500 stars are visible 
to the unaided eye at any time. The 200-inch telescope on Palomar Mountain permits 
stars as dim as the twenty-first magnitude to be seen. It has been estimated that 
there are about 1,000,000,000 of this magnitude or brighter. A long-term photographic 
exposure with the 200-inch telescope permits observation of about twice this number. 
There is no indication that this is more than a tiny fraction of the total number. How- 
ever, the average navigator seldom uses more than perhaps 20 or 30 of the brighter 
stars. Stars which exhibit a noticeable change of magnitude are called variable stars. 
A star which suddenly becomes several magnitudes brighter and then gradually fades 
is called a nova. A particularly bright one is called a supernova. 

Two stars which appear to be very close together are called a double star. If 
more than two stars are included in the group, it is called a multiple star; and if a 
large number appear in approximately spherical shape, it is called a globular cluster. 
A group of stars moving through space together, but not exhibiting the intimate 
relationship of a globular cluster, is called an open cluster. The Pleiades and some 
stars of the big dipper (with certain other stars) are examples of open clusters. A 
group of stars which appear close together, regardless of actual distances, is popularly 
called a constellation, particularly if the group forms a striking configuration. Among 
astronomers a constellation is now considered a region of the sky having precise bound- 
aries so arranged that all of the sky is covered, without overlap. The ancient Greeks 
recognized 48 constellations covering only certain groups of stars. Modern astron- 
omers recognize 88 constellations. The constellation names and meanings are given in 
appendix I. 

A cloudy patch of matter in the heavens is called a nebula (plural nebulae). If it 
is within the galaxy of which the sun is a part, it is called a galactic nebula; if outside, 
it is called an extragalactic nebula. 

Stars rotate on their axes, and revolve around the center of their galaxy, in addition 
to influencing and being influenced by surrounding stars. Motion of a star through 
space, like that of any celestial body, is called space motion. That component in the 
line of sight is called radial motion; while that component across the line of sight, 
causing a star to change its apparent position relative to the background of more 
distant stars, is called proper motion. 

1415. Galaxies.—A great number of the nebulae have been identified as extra- 
galactic, and as telescopes became more powerful, it was discovered that these small 
cloudy patches are groups of stars, in many ways resembling the group of stars of which 
the sun is a part. Each such vast assemblage of stars constitutes an island universe as 
widely separated from others, comparatively, as individual stars in one group. Such 
a group is called a galaxy. It was not until well within the twentieth century that the 
sun was recognized as a part of such a galaxy, the Milky Way. In a galaxy the stars 
tend to congregate in groups called star clouds arranged in long spiral arms. The spiral 
nature is believed due to revolution of the stars about the center of the galaxy, the inner 
stars revolving more rapidly than the outer ones (fig. 1415). At the position of the 
sun, about two-thirds of the way out from the center, and nearly midway between 
“top” and “bottom,” the period of revolution is about 200,000,000 years at the present 
speed of about 175 miles per second. This is nearly ten times the speed of the earth in 
its orbit. An average estimate of the size of a galaxy is that it is about 100,000 light 
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years in diameter, 15,000 light 
years thick at the center, and 
5,000 light years thick near the 
outer edge, and that it contains 
perhaps 100,000,000,000 stars. 
This is about 100 times the 
number of stars that can be seen 
through the 200-inch telescope. 
Within the radius of 1,600,000,- 
000 light years that man is able 
to penetrate there are perhaps 
100,000,000 galaxies, although 
only a small fraction of this num- 
ber has been actually observed. 

The galaxies which have 
been discovered are observed 
to congregate in groups, some- 
what similar to stars in a 
galaxy. Whether the part seen 


is but a small portion of a 
Courtesy of Mt. Wilson and Palomar Observatories. 


larger unit too vast to be seen 
33 , tn Fieure 1415.—Spiral nebula Messier 51, in Canes Venetici. 
with present instruments has Satellite nebula is NGC 5195. 


not been established. Develop- 

ment work is being done to attempt to adapt the electron microscope for use with 
the telescope. By this means man hopes to see much more of what surrounds him 
in space, and perhaps to answer some of the questions which confront him. 


Apparent Motion 


1416. Apparent motion due to rotation of the earth is much greater than any other 
observed motion of celestial bodies. It is this motion that causes celestial bodies to 
appear to rise somewhere along the eastern half of the horizon, climb to maximum 
altitude as they cross the meridian, and set along the western horizon, at about the 
same point relative to due west as the rising point was to due east. This apparent motion 
along the daily path, or diurnal circle, of the body is approximately parallel to the plane 
of the equator. It would be exactly so if rotation of the earth were the only motion, 
and the axis of rotation of the earth were stationary in space (arts. 1417 and 1419). 

The apparent effect due to rotation of the earth varies with the latitude of the ob- 
server. At the equator, where the equatorial plane is vertical (since the axis of rotation 
of the earth is parallel to the plane of the horizon), bodies appear to rise and set verti- 
cally. Every celestial body is above the horizon approximately half the time. The 
celestial sphere as seen by an observer at the equator is called the right sphere, shown in 
figure 1416a. Several unique relationships of the right sphere are discussed in article 1432. 

For an observer at one of the poles, bodies having constant declination neither 
rise nor set (neglecting precession of the equinoxes and changes in refraction), but circle 
the sky, always at the same altitude, making one complete trip around the horizon 
each day. At the north pole the motion is left to right, and at the south pole it is 
right to left. Approximately half the stars are always above the horizon and the other 
half never are. This is modified somewhat by actual conditions, a description of which 
is given in chapter XXV. The parallel sphere at the poles is illustrated in figure 
1416b. 
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Figure 1416a.—The right sphere. 
Figure 1416b.—The parallel sphere. 


Between these two extremes, the apparent motion is a combination of the two. 
On this oblique sphere, illustrated in figure 1416c, cireumpolar celestial bodies remain 
above the horizon during the entire 24 hours, circling the elevated celestial pole (art. 
1426) each day. ‘The stars of the big dipper and Cassiopeia are cireumpolar for many 
observers in the United States. An approximately equal part of the celestial sphere 
remains below the horizon during the entire day. The southern cross is not visible 
to most observers in the United States. Other bodies rise obliquely along the eastern 
horizon, climb to maximum altitude at the celestial meridian, and set along the western 
horizon. The length of time above the horizon, and the altitude at meridian transit, 
vary with both the latitude of the observer and the declination of the body. Several 
useful relationships of the oblique sphere are indicated in article 1432. The relative 
portions of the celestial sphere that remain either above or below the horizon varies 
with the latitude, from none at the equator to 100 percent at the poles. At the polar 
circles (art. 1419) of the earth and beyond, even the sun becomes circumpolar. This 
is the land of the midnight sun, where the sun does not set during part of the summer, 
and does not rise during part of the winter. 

This increased obliquity at higher latitudes explains why days and nights are 
always about the same length in the tropics, and the change of length of the day be- 
comes greater as the latitude increases. It also explains why twilight lasts longer in 
higher latitudes. Twilight is that period of incomplete darkness following sunset and 
preceding sunrise. Evening twilight starts at sunset, and morning twilight ends at 
sunrise. The darker limit of twilight occurs when the center of the sun is a stated 
number of degrees below the celestial horizon. Three kinds of twilight are defined, 
depending upon the darker limit. These are: 


Twilight Lighter limit Darker limit At darker limit 
civil 02 —6° Horizon clear and bright stars visible 
nautical 0° —12° Horizon vague 
astronomical 0° — 18° Full night 


The conditions at the darker limit are relative and vary considerably under different 
atmospheric conditions. 


In figure 1416d the twilight band is shown, with the darker limits of the various 
kinds indicated. The nearly vertical celestial equator line is for an observer at latitude 
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20°N. The nearly horizontal celestial equator line is for an observer at latitude 60°N. 
The broken line in each case is the diurnal circle of the sun when its declination is 
15°N. The relative duration of any kind of twilight at the two latitudes is indicated 
by that portion of the diurnal circle between the horizon and the darker limit, although it 
is not directly proportional to the relative length of line shown, since the projection is 
orthographic (art. 319). The duration of twilight at the higher latitude is longer, 
proportionally, than shown. Note that complete darkness does not occur at latitude 
60° N when the declination of the sun is 15°N. 

1417. Apparent motion due to revolution of the earth.—If it were possible to 
stop the rotation of the earth so that the celestial sphere would appear stationary, 
the effects of the revolution of the earth would become more noticeable. In one 
year the sun would appear to make one complete trip around the earth, from west to 
east. Hence, it would seem to move eastward a little less than 1° per day. This 
motion can be observed by watching the changing position of the sun among the stars. 
But since both sun and stars generally are not visible at the same time, a better way 
is to observe the constellations at the same time each night. On any night a star 
rises nearly four minutes earlier than on the previous night. Thus, the celestial sphere 
appears to shift westward nearly 1° each night, so that different constellations are 
associated with different seasons of the year. 

Apparent motions of planets and the moon are due to a combination of their 
motions and those of the earth. If the rotation of the earth were stopped, the combined 
apparent motion due to the revolutions of the earth and other bodies would be similar 
to that occurring if both rotation and revolution of the earth were stopped, as discussed 
in article 1418, but with different timing. Stars would appear nearly stationary in 
the sky, but would undergo a small annual cycle of change due to aberration. The 
motion of the earth in its orbit is sufficiently fast to cause the light from stars to 
appear to shift slightly in the direction of the earth’s motion. This is similar to 
the illusion one has when walking in rain that is falling vertically, but appearing 
to come from ahead due to his own motion. The apparent direction of the light 
ray from the star is the vector difference (art. O18) of the motion of light and the 
motion of the earth, similar to that of apparent wind on a moving vessel (art. 3709). 
This effect is most apparent for a body perpendicular to the line of travel of the earth 
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in its orbit, for which it reaches a maximum value of 2075. The effect of aberration 
can be noted by comparing the coordinates (declination and sidereal hour angle) 
of various stars throughout the year. A change is observed in some bodies as the 
year progresses, but at the end of the year the values have returned almost to what 
they were at the beginning. That they do not return exactly is due to proper motion 
(art. 1418), precession of the equinoxes (art. 1419), and nutation, which is an. irregular- 
ity in the motion of the earth due to the disturbing effect of other celestial bodies, 
principally the moon. Eulerian motion is a slight wobbling of the earth about its axis 
of rotation, often called polar motion, and sometimes wandering of the poles. This 
motion, which does not exceed 40 feet from the mean position, produces slight variation 
of latitude and longitude of places on the earth. 

By the calendar, one year is of 365 days duration for common years and 366 days 
for leap years. A leap year is any year divisible by four, unless it is a century year, 
which must be divisible by 400 to be a leap year. Thus, 1900 was not a leap year, but 
2000 will be. This calendar, now in general use, is called the Gregorian calendar. 
Astronomically, the year is not divisible into a whole number of days, and the present 
system will introduce an error of three days in about 10,000 years. The length of the 
year with respect to the vernal equinox (art. 1419) is about 365 days, 5 hours, 48 
minutes, 46 seconds. This is the tropical, astronomical, equinoctial, natural, or solar 
year. Since the vernal equinox is in motion on the celestial sphere (art. 1419), this 
does not quite agree with the sidereal year of about 365 days, 6 hours, 9 minutes, 10 
seconds, with respect to the stars. The period of revolution from perihelion to perihelion, 
about 365 days, 6 hours, 13 minutes, 53 seconds, is called the anomalistic year. These 
values vary slightly from year to year, and progressively over the years, as shown in 
appendix D. 

1418. Apparent motion due to movement of other celestial bodies——Even if it 
were possible to stop both the rotation and revolution of the earth, celestial bodies 
would not appear stationary on the celestial sphere. The moon would make one 
revolution about the earth each sidereal month (art. 1412), rising in the west and 
setting in the east. The inferior planets would appear to move eastward and westward 
relative to the sun, as explained in article 1422, staying within the zodiac. Superior 
planets would appear to make one revolution around the earth, from west to east, each 
sidereal period (app. F). 

Since the sun (and the earth with it) and all other stars, as far as is known, are in 
motion relative to each other, slow apparent motions would result in slight changes of 
the positions of the stars relative to each other. This space motion (art. 1414) is, in 
fact, observed by telescope. That component of such motion across the line of sight, 
called proper motion, produces a change in the apparent position of the star. The 
maximum which has been observed is that of “Barnard’s Star,’”’ which is moving at the 
rate of 103 per year. This is a tenth-magnitude star, and hence not visible to the 
unaided eye. Of the 57 stars listed on the daily pages of the almanacs, Rigil Ken- 
taurus has the greatest proper motion, about 37. Arcturus, with 273, has the greatest 
proper motion of the navigational stars in the northern hemisphere. In a few thousand 
years proper motion will be sufficient to materially alter some familiar configurations 
of stars, notably the big dipper. 

1419. The ecliptic is the path the sun appears to take among the stars due to the 
annual revolution of the earth in its orbit. It is considered a great circle of the celestial 
sphere, inclined at an angle of about 23°27’ to the celestial equator, but undergoing a 
continuous slight change. This angle is called the obliquity of the ecliptic. This 
inclination is due to the fact that the axis of rotation of the earth is not perpendicular 
to its orbit. It is this inclination which causes the sun to appear to move north and 
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south during the year, giving the earth its seasons, and changing lengths of periods of 
daylight. This seasonal variation is one of the factors making the earth a desirable 
place on which to live. 

Refer to figure 1407b. The earth is at perihelion early in January and at aphelion 
six months later. On or about June 21, about ten or eleven days before reaching 
aphelion, the northern part of the earth’s axis is tilted toward the sun. The north polar 
regions are having continuous sunlight; the northern hemisphere is having its summer 
with long, warm days and short nights; the southern hemisphere is having winter with 
short days and long, cold nights; and the south polar region is in continuous darkness. 
This is the summer solstice. Three months later, about September 23, the earth has 
moved a quarter of the way around the sun, but its axis of rotation still points in 
about the same direction in space. The sun shines equally on both hemispheres, and 
days and nights are the same length over the entire world. The sun is setting at the 
north pole, and rising at the south pole. The northern hemisphere is having its 
autumn, and the southern hemisphere its spring. This is the autumnal equinox. In 
another three months, on or about December 22, the southern hemisphere is tilted 
toward the sun and conditions are the reverse of those six months earlier, the northern 
hemisphere having its winter, and the southern hemisphere its summer. This is the 
winter solstice. Three months later, when both hemispheres again receive equal 
amounts of sunshine, the northern hemisphere is having spring and the southern hemi- 
sphere autumn, the reverse of conditions six months before. This is the vernal equinox. 

The word “‘equinox,” meaning ‘‘equal nights,” is applied because it occurs at the 
time when days and nights are of approximately equal length all over the earth. The 
word “‘solstice,”’ meaning “sun stands still,” is applied because the sun stops its apparent 
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Figure 1419a.—Apparent motion of the sun in the ecliptic. 
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northward or southward motion and momentarily “stands still’ before it starts in the 
opposite direction. This action, somewhat analogous to the “stand” of the tide (art. 
3104), refers to the motion in a north-south direction only, and not to the daily apparent 
revolution around the earth. Note that it does not occur when the earth is at peri- 
helion and aphelion (fig. 1407b). Refer to figure 1419a. At the time of the vernal 
equinox, the sun is directly over the equator, crossing from the southern hemisphere to 
the northern hemisphere. It rises due east and sets due west, remaining above the 
horizon about 12 hours. It is not exactly 12 hours because of refraction, semidiameter, 
and the height of the eye of the observer. These cause it to be above the horizon a little 
longer than below the horizon. Following the vernal equinox, the northerly declina- 
tion increases, and the sun climbs higher 
in the sky each day (at the latitudes of 
the United States), until the summer 
solstice, when a declination of about 23°27’ 
north of the celestial equator is reached. 
The sun then gradually retreats southward 
until it is again over the equator at the 
autumnal equinox, at about 23°27’ south 
of the celestial equator at the winter 
solstice, and back over the celestial equa- 
tor again at the next vernal equinox. 

The sun is nearest the earth during 
the northern hemisphere winter. Hence, 
it is not the distance that is responsible 
for the difference in temperature during 
the different seasons. The reason is to be 
found in the altitude of the sun in the sky 
and the length of time it remains above 
the horizon. During the summer the rays 
are more nearly vertical, and hence more 

December 22 concentrated, as shown in figure 1419b. 
Fiaure 1419b.—Sunlight in summer and winter. Since the sun is above the horizon more 
Compare the surface covered by the same than half the time, heat is being added by 
amount of sunlight on the two dates. : ; : ; 
absorption during a longer period than it 
is being lost by radiation. This explains the lag of the seasons. Following the longest 
day, the earth continues to receive more heat than it dissipates, but at a decreasing 
proportion. Gradually the proportion decreases until a balance is reached, after which 
the earth cools, losing more heat than it gains. This is analogous to the day, when the 
highest temperatures normally occur several hours after the sun reaches maximum 
altitude at meridian transit, and for the same reason. A similar lag occurs at other 
seasons of the year. Astronomically, the seasons begin at the equinoxes and solstices. 
Meteorologically, they differ from place to place. 

By Kepler’s second law, the earth travels faster when nearest the sun, as shown 
in figure 1419¢. Hence, the northern hemisphere (astronomical) winter is shorter than 
its summer, the difference being about seven days. 

Everywhere between the parallels of about 23°27’N and about 23°27’S the sun 
is directly overhead at some time during the year. Except at the extremes, this occurs 
twice, once as the sun appears to move northward, and the second time as it moves 
southward. ‘This is the torrid zone. The northern limit is the tropic of Cancer, and 
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the southern limit the tropic of Capricorn. These names come from the constellations 
which the sun entered at the solstices when the names were first applied, more than 
2,000 years ago. Today, the sun is in the next constellation toward the west, because 
of precession of the equinoxes, described below. The parallels about 23°27’ from the 
poles, marking the approximate limits of the circumpolar sun, are called polar circles, 
the one in the northern hemisphere being the arctic circle and the one in the southern 
hemisphere the antarctic circle. The areas inside the polar circles are the north and 
south frigid zones. The regions between the frigid zones and the torrid zones are 
the north and south temperate zones. 

The expression “‘vernal equinox,’”’ and associated expressions, are applied both to 
the times and points of occurrence of the various phenomena. Navigationally, the vernal 
equinox is sometimes called the first point of Aries, because, when the name was given, 
the sun entered the constellation Aries, the 
ram (YT), at this time. This point is of 
interest to navigators because it is the 
origin of measurement of sidereal hour 
angle (art. 1426). The expressions March 
equinox, June solstice, September equinox, 
and December solstice are occasionally 
applied as appropriate, because the more 
common names are associated with the 
seasons in the northern hemisphere, and 
are six months out of step for the southern 
hemisphere. 

The axis of the earth is undergoing a 
precessional motion similar to that of a top 
spinning with its axis tilted. In about 
25,800 years the axis completesa cycleand Fi6uRE 1419c.—Kepler’s second law. Since the 

aes : ; shaded areas are equal, speed at perihelion is 
returns to the position from which it start- greater than at aphelion. 
ed. Since the celestial equator is 90° from 
the celestial poles, it too is moving. The result is a slow westward movement of the 
equinoxes and solstices, which has already carried them about 30°, or one constel- 
lation, along the ecliptic from the positions they occupied when named more than 2,000 
years ago. Since sidereal hour angle (art. 1426) is measured from the vernal equinox, 
and declination (art. 1426) from the celestial equator, the coordinates of celestial 
bodies would be changing even if the bodies themselves were stationary. This westward 
motion of the equinoxes along the ecliptic is called precession of the equinoxes (fig. 
1419a). The total amount, called general precession, is about 50"27 per year (in 1958). 
It may be considered divided into two components, precession in right ascension (about 
46"10 per year) measured along the celestial equator, and precession in declination 
(about 20°05 per year) measured perpendicular to the celestial equator. The annual 
change in the coordinates of any given star, due to precession alone, depends upon its 
position on the celestial sphere, since these coordinates are measured relative to the polar 
axis while the precessional motion is relative to the ecliptic axis (art. 1429). 

Due to precession of the equinoxes, the celestial poles are describing circles in the 
sky. The north celestial pole is moving closer to Polaris, which it will pass at a distance 
of approximately 28’ about the year 2102. Following this, the polar distance will 
increase, and eventually other stars, in their turn, will beome the pole star. Similarly, 
the south celestial pole will some day be marked by stars of the false southern cross. 
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1420. The zodiac is a circular band of the sky extending 8° on each side of the 
ecliptic. The navigational planets and the moon are within these limits. The zodiac 
is divided into 12 sections of 30° each, each section being given the name and symbol 
(“sign’’) of the constellation within it. These are shown in figure 1420. The complete 
list of signs and names Is given in appendix A. 

The sun remains in each part for approximately one month. When the names were 
assigned, more than 2,000 years ago, the sun entered Aries (7) at the vernal equinox, 
Cancer (£5) at the summer solstice, Libra (==) at the autumnal equinox, and Capricornus 
(3) at the winter solstice. Even though this is no longer true because of precession 
of the equinoxes, The American Ephemeris and Nautical Almanac still lists the sun as 
entering these constellations at the times of the equinoxes and solstices, for this has 


Fiagure 1420.—The zodiac. 


come to be their principal astronomical significance. The pseudo science of astrology 
assigns additional significance, not recognized by scientists, to the positions of the sun and 
planets among the signs of the zodiac. 

1421. Time.—Traditionally, astronomy has furnished the basis for measurement 
of time, a subject of primary importance to the navigator. The year is associated 
with the revolution of the earth in its orbit. The day is one rotation of the earth 
about its axis. 

The duration of one rotation of the earth depends upon the external reference point 
used. One rotation relative to the sun is called a solar day. However, rotation relative 
to the apparent sun (the actual sun that appears in the sky) does not provide time of 
uniform rate, because of variations in the rate of revolution and rotation of the earth. 
The error due to lack of uniform rate of revolution is removed by using a fictitious mean 
sun. Thus, mean solar time is nearly equal to the average apparent solar time. Because 
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the accumulated difference between these times, called equation of time, is continually 
changing, the period of daylight is shifting slightly, in addition to its increase or decrease 
in length due to changing declination. Apparent and mean suns seldom cross the 
celestial meridian at the same time. The earliest sunset (in latitudes of the United 
States) occurs about two weeks before the winter solstice, and the latest sunrise about 
two weeks after winter solstice. A similar apparent discrepancy occurs at the summer 
solstice. 

With an increase in precision of the instruments used for measuring the rotation 
of the earth, it became apparent that the speed of rotation is not constant, increasing 
slightly during the northern hemisphere spring, and decreasing during the opposite 
season. Other changes, more erratic, are also noted. These are in addition to the 
slowing due to tidal action (art. 1412), and are not fully explained. These changes 
have led the International Bureau of Weights and Measures to adopt the year 
as the basic unit for time, rather than the day, so that daily irregularities can be reduced 
or eliminated. Time based upon uniform division of the year is called ephemeris time. 
The atomic clock developed by the U. S. Bureau of Standards provides time which in 
some respects is superior to that based upon the daily rotation of the earth, but is 
inferior to that based upon the annual revolution of the earth around the sun. This 
device is based upon the motion of the atoms of ammonia molecules. 

If the vernal equinox is used as the reference, a sidereal day is obtained, and from 
it, sidereal time. This indicates the approximate positions of the stars, and for this 
reason is the basis of star charts (art. 2204) and star finders (art. 2210). Because of 
the revolution of the earth around the sun, a sidereal day is about 3"56° shorter than a 
solar day, and there is one more sidereal than solar days in a year. One mean solar day 
equals 1.00273791 mean sidereal days. Because of precession of the equinoxes, one 
rotation of the earth with respect to the stars is not quite the same as one rotation with 
respect to the vernal equinox. One mean solar day averages 1.0027378118868 rota- 
tions of the earth with respect to the stars. 

In tide analysis, the moon is sometimes used as the reference, producing a lunar 
day averaging 24°50™ (mean solar units) in length, and lunar time. 

Since each kind of day is divided arbitarily into 24 hours, each hour having 60 
minutes of 60 seconds, the length of each of these units differs somewhat in the various 
kinds of time. 

Time is also classified according to the terrestrial meridian used as a reference. 
Local time results if one’s own meridian is used, zone time if a nearby reference meridian 
is used over a spread of longitudes, and Greenwich or universal time if the Greenwich 
meridian is used. 

The subject of time is discussed in more detail in chapter XIX. 

1422. Planetary configurations.—Since the orbit of an inferior planet lies within 
that of the earth, the planet and sun are nearly in line twice each synodic period of 
revolution of the inferior planet. When the sun is between the earth and the other 
planet, that planet is at superior conjunction. When the planet is between the earth 
and sun, it is at inferior conjunction. If the orbit of the planet had no inclination to 
the ecliptic, the planet would cross or transit the face of the sun at inferior conjunction 
and be eclipsed or occulted by the sun at superior conjunction. Occasionally this 
does occur. 

Refer to figure 1422, showing orbits of the earth, Venus (an inferior planet), and 
Mars (a superior planet). As shown, the relative sizes of the orbits are correct, and the 
relative sizes of the planets are correct, but the planets are too large for their orbits and 
the sun, and the sun is too large for the orbits of the planets. The earth is considered 
stationary in its orbit. The positions of Venus are shown at superior and inferior 
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conjunctions. In moving eastward from one to the other, Venus appears to move to 
the left of the sun. As observed from the earth, the angle between lines to the sun and 
a planet, particularly an inferior planet, is called the planet’s elongation, which may be 
designated east or west to indicate the apparent position of the planet relative to the 
sun. As Venus continues along its orbit, its elongation increases slowly until the planet 
arrives at the point where a straight line from the earth is tangent to its orbit, when the 
elongation becomes maximum. Here it is called greatest elongation east. As Venus 
continues along its orbit, its elongation decreases rapidly, becoming zero at inferior 
conjunction. Through the second half of its synodic period its elongation increases 
rapidly to greatest elongation west, and then decreases slowly to zero at the next 


Conjunction 
\ 
; Org; 
[ bit of 
<* | ms 
| 
Superior _— 
s . 
s° er” NA 
& 
ox a | x 
x >) | 
fe) So 3 
SUN 
Greatest ¢ ~ | / » Greatest 
Elongation interior c Feel Elongation 
ast \ West 
~ aa e 
Ss 
Be , 

East: a4 y PND Bia ina ths ae ere Bee at cal She ty West 
Quadrature 4 quadrature 
Earth 
‘ee 
Opposition 


Figure 1422.—Planetary configurations. 


superior conjunction. The greatest elongation of Venus is about 46°, but varies be- 
cause its orbit and that of the earth are elliptical, and the phenomenon occurs at dif- 
ferent points on the orbits. 

The orbit of the planet Mercury lies inside that of Venus, and hence the greatest 
elongation is not as great, being about 28°. It is because the apparent position of 
Mercury is never far from the sun that this planet is not considered navigationally 
important. Since its synodic period of revolution is only 115.9 days, it is at con- 
junction a little oftener than once every two months. By comparison, Venus is at 


conjunction a little oftener than once every ten months, having a synodic period of 
revolution of 583.9 days. 
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As shown in figure 1422, an inferior planet goes through all phases of the moon 
(art. 1423), being “full” at superior conjunction, ‘new’ at inferior conjunction, and at 
“quarter” when it reaches greatest elongation. A telescope is needed to see the phases. 

For a superior planet the situation is different. Refer again to figure 1422. When 
the sun is between the earth and the planet, that planet (Mars in the illustration) 
is at conjunction (). The adjective “superior” is not needed because a superior planet, 
when on the opposite side is away from the sun, or at opposition (©) and can never be 
at inferior conjunction. When its elongation is 90°, a superior planet is at east or west 
quadrature ((_]), depending upon its apparent position relative to the sun. Since a 
superior planet has a longer period of revolution than the earth, it appears to move 
westward around the sun, being at conjunction, east quadrature, opposition, west quad- 
rature, and back to conjunction. It is at “full’’ phase at conjunction and opposition, 
and gibbous between. 

Unless a planet is in the ecliptic, it is not directly in line with the earth and sun 
at conjunction and opposition. These points are defined as those at which either the 
sidereal hour angles (art. 1426) or the celestial longitudes (art. 1429) are the same (in 
the case of conjunction) or 180° apart (at opposition). 

The apparent positions of the planets in relation to other members of the solar 
system, particularly the relationships shown in figure 1422, are called planetary con- 
figurations. The motions of planets with respect to the sun would be true, generally, 
with respect to the stars, also, if the earth were stationary in its orbit, as shown. How- 
ever, because of the earth’s motion around the sun, the sun appears to move eastward 
among the stars. This is usually the direction of apparent motion of the planets, too, 
and is called direct motion. When a planet is near opposition or inferior conjunction, 
its apparent westerly motion relative to the sun is greater than the apparent easterly 
motion of the sun relative to the stars, and the planet appears to move in a westerly 
direction relative to the stars. This is called retrograde motion. 

The brightest planet in the western sky following sunset is popularly called the 
evening star, and the brightest planet in the eastern sky preceding sunrise is popularly 
called the morning star. 

1423. Phases of the moon.—Relative to the sun, the moon makes one complete 
trip around the celestial sphere each synodical month (about 29% days). As it does so, 
it goes through a cycle of aspects or phases to an observer on the earth, because the 
moon, like the planets, shines chiefly by reflected light from the sun. The orbit of the 
moon is inclined about 5° to the ecliptic, and undergoes a precessional motion called 
regression of the nodes. It is similar to precession of the equinoxes of the earth (art. 
1419), and is chiefly responsible for nutation (art. 1417). However, the cycle is com- 
pleted in a little more than 18 years, as compared with about 25,800 years for the earth. 

Because of the small inclination of its orbit, the moon is never far from the ecliptic. 
At conjunction, when the moon passes nearly between the earth and sun, its illuminated 
portion is away from the earth (toward the sun), as shown in figure 1423. (In this illus- 
tration, the outer figures show various positions of the moon relative to the earth and 
sunlight. The inner circle of moons shows the appearance from the earth.) It is then 
a new moon, and may be barely visible because of earthshine, which is sunlight reflected 
from the illuminated side of the earth. To an observer on the moon, the ‘full earth”’ 
would be visible at this time, three and one-half times as great in diameter and nearly 40 
times as bright as the full moon appears to an observer on the earth. . Since it is at 
conjunction, the new moon rises, transits the celestial meridian, and sets at approximately 
the same time as the sun. 

A day later the moon has moved about 12°2 eastward of the sun and a thin crescent 
appears on the side toward the sun, with the horns or cusps pointing away from the sun. 
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Figure 1423.—Phases of the moon. The inner figures of the moon represent its appearance from the earth. 


The moon is low in the western sky after sunset. Because of glow from this illuminated 
portion, and the fact that the side of the earth toward the moon is not quite ‘full,’ 
that part of the moon illuminated by earthshine is not quite as bright. Each day the 
moon moves approximately 12°2 east, relative to the sun. As it does so, the crescent 
grows fatter, and the earthshine less conspicuous. 

When the moon reaches quadrature, about a week after new moon, it is at first 
quarter. That half of the moon toward the sun is illuminated. The moon is now about 
90° or six hours behind the sun. It rises about noon, is on the celestial meridian about 
6 pM, and sets about midnight. 

As the moon continues eastward on successive days, the line separating the il- 
luminated and dark portions, called the terminator, moves on across the moon. The 
moon is now in the gibbous phase, which continues until the moon is at opposition, 
or full moon. It now rises about the time of sunset, reaches the celestial meridian 
about midnight, and sets about the time of sunrise. 

On succeeding days the moon again becomes gibbous, and at quadrature it is at 
last quarter, rising about midnight, crossing the celestial meridian about 6 AM, and 
setting about noon. During the remainder of its cycle the moon again goes through 
the crescent phase and returns to new moon to start another cycle. 

During the first half of the cycle, the moon is waxing, and during the second half 
it is waning. The elapsed time since new moon, usually expressed as days and tenths 
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of a day is called age of the moon. Since the moon appears to move eastward relative 
to the sun, crossing the meridian Jater each day, one day each synodical month is without 
a moonrise, and another is without a moonset. 

The times of moonrise and moonset indicated above are approximate only. When 
the difference between the declination of the sun and moon is considerable, the times 
given may be in error by as much as several hours, particularly in high latitudes. 
The times of crossing the celestial meridian vary through smaller limits. 

At full moon, the sun and moon are on opposite sides of the ecliptic. Therefore, 
in the winter the full moon rises early, crosses the celestial meridian high in the sky, 
and sets late; as the sun does in the summer. In the summer the full moon rises in 
the southeastern part of the sky (northern hemisphere), remains relatively low in the 
sky, and sets along the southwestern horizon after a short time above the horizon. 

At the time of the autumnal equinox, that part of the ecliptic opposite the sun 
is most nearly parallel to the horizon. Since the eastward motion of the moon is 
approximately along the ecliptic, the delay in the time of rising of the full moon from 
night to night is less than at other times of the year. The full moon nearest the autum- 
nal equinox is called the harvest moon. The full moon occurring about a month later 
is called the hunter’s moon. 

1424. Eclipses.—Because of the inclination of the moon’s orbit with respect to 
the ecliptic, the sun, earth, and moon are usually not so nearly in line at conjunction 
and opposition of the moon that either the earth or moon passes through the shadow 
of the other. However, when this does occur, an eclipse takes place. Since the sun 
and moon are of nearly the same apparent size to an observer on the earth, an eclipse 
is a much more spectacular occurrence than the transit of an inferior planet across 
the face of the sun, or the occultation of a star or planet by the sun or moon (art. 
1422). 

When conditions are suitable, the moon passes between the sun and earth, as 
shown in figure 1424a. If the moon’s apparent diameter is larger than that of the sun, 
the moon being near perigee, its shadow reaches the earth as a nearly round dot only 
a few miles in diameter. The dot moves rapidly across the earth, from west to east, 
as the moon continues in its orbit. Within the dot, the sun is completely hidden 
from view, and a total eclipse of the sun occurs. For a considerable distance around 
the shadow, part of the surface of the sun is obscured, and a partial eclipse occurs. In 
the line of travel of the shadow a partial eclipse occurs as the round disk of the moon 
appears to move slowly across the surface of the sun, hiding an ever-increasing part of 
it, until the total eclipse occurs. Because of the uneven edge of the mountainous 
moon, the light is not cut off evenly, but several last illuminated portions appear through 
the valleys or passes between the mountain peaks. These are called Baily’s Beads. 


ovit Moon 


Lunar Eclipse © 


ec 


Figure 1424a.—FEclipses of the sun and moon. 
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Courtesy of Mt. Wilson and Palomar Observatories. 


Figure 1424b.—Solar prominence, 140,000 miles high, photographed in light of calcium. 
July 9, 1917. Small white disk shows relative size of earth. 


A total eclipse is a spectacular phenomenon. As the last light from the sun is cut off, 
the solar corona, or envelope of thin, illuminated gas around the sun, becomes visible. 
Wisps of more dense gas may appear as solar prominences (fig. 1424b). The only 
light reaching the observer is that diffused by the atmosphere surrounding the shadow. 
As the moon appears to continue on across the face of the sun, the sun finally emerges 
from the other side, first as Baily’s Beads, and then as an ever widening crescent 
until no part of its surface is obscured by the moon. 

The duration of a total eclipse depends upon how nearly the moon crosses the 
center of the sun, the location of the shadow on the earth, the relative orbital speeds 
of the moon and earth, and (principally) the relative apparent diameters of the sun 
and moon. The maximum length that can occur is a little more than seven minutes. 

If the apparent diameter of the moon is less than that of the sun, its shadow does 
not quite reach the earth. Over a small area of the earth directly in line with the 
moon and sun, the moon appears as a black disk almost covering the surface of the sun, 
but with a thin ring of the sun around its edge. This is an annular eclipse, and occurs 
a little oftener than a total eclipse. 

If the shadow of the moon passes close to the earth, but not directly in line with 
it, a partial eclipse may occur without a total or annular eclipse. 

An eclipse of the moon occurs when the moon passes through the shadow of the 
earth, as shown in figure 1424a. Since the diameter of the earth is about three and 
one-half times that of the moon, the earth’s shadow at the distance of the moon is much 
larger than that of the moon. A total eclipse of the moon can last nearly one and 
three-quarters hours, and some part of the moon may be in the earth’s shadow for 
almost four hours. During a total solar eclipse no part of the sun is visible because a 
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body (the moon) intervenes in the line of sight. During a lunar eclipse some light 
does reach the moon because of diffraction by the atmosphere of the earth, and hence 
the eclipsed full moon is visible as a faint reddish disk. A lunar eclipse is visible over the 
entire hemisphere of the earth facing the moon. Anyone who can see the moon can 
see the eclipse. 

During any one year there may be as many as five eclipses of the sun, and always 
there are at least two. There may be as many as three eclipses of the moon, or none. 
The total number of eclipses during a single year does not exceed seven, and can be as 
few as two. There are more solar than lunar eclipses, but the latter are more numerous 
at any one place because of the restricted areas over which solar eclipses are visible. 

The two points of intersection of the moon’s orbit and the ecliptic are called nodes, 
and the line connecting them, the line of nodes. Eclipses occur when the sun, earth, 
and moon are nearly on this line, twice each eclipse year of 346.6 days. This is less than 
a calendar year because of regression of the nodes (art. 1423). In a little more than 
18 years the line of nodes returns to approximately the same position with respect to 
the sun, earth, and moon. During an almost equal period, called the saros, a cycle 
of eclipses occurs. During the following saros the cycle is repeated with only minor 
differences. 

Eclipses have considerable value in establishing additional facts about the sun 
and moon, and in determining distances between two widely separated points on the 
earth, at which accurate timing of the eclipse is made. 


Coordinates 


1425. Latitude and longitude are coordinates used for locating positions on the 
earth. Several types, differing slightly from each other, are defined. Three of these 
are discussed here. 

Astronomical latitude is the angle (ABQ, fig. 1425) between a line in the direction 
of gravity (AB) and the plane of the equator (QQ’). Astronomical longitude is the 
angle between the plane of the celestial me- 
ridian and the plane of the prime meridian. North Pole 


These coordinates are customarily found by A 
means of celestial observations. If the earth 
were perfectly homogeneous and level, these 
positions would be consistent and satisfac- 
tory. However, because of deflection of the QQ’ Q 
vertical (art. 1610) due to uneven distribu- 

tion of the mass of the earth, lines of equal 


astronomical latitude and longitude are not 
circles, although the irregularities are small. 


In the United States the prime-vertical com- South Pole 
ponent (affecting longitude) es be a little Figure 1425—Three kinds of latitude at 
more than 18”, and the meridional com- point A. 


ponent (affecting latitude) as much as 25”. 

Geodetic latitude is the angle (ACQ, fig. 1425) between a normal to the spheroid 
(AC) and the plane of the equator (QQ’). Geodetic longitude is the angle between the 
plane defined by the normal to the spheroid and the axis of the earth, and the plane of 
the prime meridian. These values are obtained when astronomical latitude and longi- 
tude are corrected for deflection of the vertical. These coordinates are the ones used 
for charting, and are frequently referred to as geographic latitude and geographic longi- 


382 NAVIGATIONAL ASTRONOMY 


tude, although these expressions are sometimes used to refer to astronomical latitude 
and longitude. 

Geocentric latitude is the angle (ADQ, fig. 1425) between a line to the center of 
the earth (AD) and the plane of the equator (QQ’). This differs from geodetic latitude 
because the earth is a spheroid, rather than a sphere, and the meridians are ellipses. 
Since the parallels of latitude are considered to be circles, geodetic longitude is geocentric, 
and a separate expression is not used. The difference between geocentric and geodetic 
latitudes is a maximum of about 11/6 at latitude 45°. 

Because of the oblate shape of the earth, the length of a degree of geodetic latitude 
is not everywhere the same, increasing from about 59.7 nautical miles at the equator 
to about 60.3 nautical miles at the poles, as shown by table 6. The value of 60 nautical 
miles customarily used everywhere by the navigator is correct at about latitude 45°. 

1426. Celestial equator sys- 
tem.—Positions on the celestial 
Celestial Pole ~ sphere are located by any of 
several sets of coordinates anal- 
ogous to latitude and _ longi- 
tude on the earth. The most 
directly related system is based 
upon the celestial equator (some- 
times called equinoctial). This 
is the great circle formed on the 
celestial sphere by extension of 
the plane of the equator of the 
» earth (fig. 1426a). Declination 
Desvnahen | (d) is measured northward or 
southward from the celestial 
equator, similar to latitude on 
Celestial Equator the earth. Like latitude, it is 
labeled N or S (sometimes (+) 
instead of N and (—) instead 
of S) to indicate the direction 
of measurement, and has a 
maximum value of 90° at the 

Figure 1426a.—Declination and sidereal hour angle. north and south celestial poles, 
which are directly over corre- 
sponding poles of the earth. The celestial pole above the horizon is called the elevated 
pole, and that below the horizon the depressed pole. The angular distance from a 
celestial pole, usually the elevated pole, is called polar distance (p). Polar distance is 
90° minus declination if the body is between the celestial equator and the pole; other- 
wise it is 90° plus declination. A circle of the celestial sphere, parallel to the plane 
of the celestial equator, is called a parallel of declination. This would be the diurnal 
circle (art. 1416) of a body having constant declination. 
A great circle through the celestial poles and the zenith (art. 1428) of an observer 
is his celestial meridian (fig. 1426b). That half which includes his zenith, and ends 
at the celestial poles, is called the upper branch. The other half is the lower branch. 
A reference to a celestial meridian is generally understood to mean the upper branch 
unless the lower branch is specified. The celestial meridian remains stationary over 
a meridian on the earth, and does not participate in the daily apparent rotation of the 
celestial sphere. A similar great circle of the celestial sphere, but related to a point 
on that sphere, or to a celestial body, is called an hour circle or circle of declination 


Sidereal tour Angle rep 
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(fig. 1426a). The hour circle through the point vertically above an observer coincides 
with his celestial meridian. 

The hour circle through the vernal equinox (art. 1419) is used as a reference 
somewhat analogous to the prime meridian on the earth. It is the origin from which 
sidereal hour angle (SHA) is measured, westward through 360°. Thus, sidereal hour 
angle is similar to longitude on the earth, except that longitude is measured either 
eastward or westward through 180°. If the vernal equinox and all celestial bodies 
were fixed points, both declination and sidereal hour angle of celestial bodies would 
remain the same, but these coordinates change as a body alters its position on the 
celestial sphere, and also as precession of the equinoxes (art. 1419) takes place, resulting 
in movement of the vernal equinox and celestial equator. Sidereal hour angle is used 
primarily by navigators. Astronomers usually measure eastward in time units, through 
24 hours. This quantity is called right ascension (RA). Thus, converted to the same 
units, SHA+ RA=360°=24, 

Measurement is often made from a celestial meridian rather than from the hour circle of 
the first point of Aries. This is another form of hour angle (HA) which, like sidereal 
hour angle, is measured westward through 
360° (fig.1426b). It is usually designated 
Greenwich hour angle (GHA) or local hour 
angle (LHA) depending upon whether the 
Greenwich or local celestial meridian is 
used as the reference. If measurement 
is made from the local celestial meridian, 
either eastward or westward through 180°, 
similar to measurement of longitude on 
the earth, the quantity is called meridian 
angle (t). This is the angle between the 
plane of the celestial meridian of the ob- 
server and the plane of the hour circle of 
the body. Because of the apparent daily 
rotation of the celestial sphere, hour angle 
continually increases, but meridian angle 
increases from 0° at the celestial meridian 
to 180° W, which e also 180° E, and then Figure 1426b.—Local hour angle and meridian 
decreases to 0° again. The rate of change angle. 
for the mean sun (art. 1421) is 15° per 
hour. The rate of all other bodies except the moon is within 3’ of this value. The 
average rate of the moon is about 14°5. 

As the celestial sphere rotates, each body crosses each branch of the celestial 
meridian approximately once a day. This crossing is called meridian transit (some- 
times called culmination). It may be called upper transit to indicate crossing of the 
upper branch of the celestial meridian, and lower transit to indicate crossing of the 
lower branch. 

1427. Time diagram.—To an observer outside the celestial sphere (if this were 
possible), at such a distance that his view would be orthographic, the outer limit of 
the sphere would appear as a great circle. If he were over one of the celestial poles, 
the circle would be the celestial equator. Parallels of declination would appear as circles 
concentric with, but usually smaller than, the celestial equator. Hour circles would ap- 
pear as radials. If the observer were over the south celestial pole and rotating with the 
earth, the celestial sphere would appear to rotate in a counterclockwise direction. The 
difference in hour angle of any two bodies would be indicated by the angle between 
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their hour circles. The hour 
angles themselves would be in- 
dicated by the angles, at the 
pole, between a celestial meridi- 
an and the hour circles. On a 
reduced scale, and without bene- 
fit of actual circles showing in 
the sky, such a view is available 
to a northern-hemisphere ob- 
server who looks at the north 
celestial pole (approximately at 
Polaris) and observes stars of 
high northerly declination, such 
as those of the big dipper and 
Cassiopeia, circle the sky. 

A diagram based upon this 
concept, called a time diagram 
or diagram on the plane of the 
celestial equator, can be useful 
in visualizing the relationships 
of the various “longitude” terms 
of article 1426. Refer to figure 
1427a. The circle represents the celestial equator. The parallels of declination are 
not of concern, and are omitted. By convention, the diagram is oriented so that 
the upper branch of the local celestial meridian is at the top, labeled M. The 
lower branch is shown as a broken line, labeled m. The observer in this case is at 
longitude 27° W. Therefore, the Greenwich meridian is 27° east, as shown. It is 
labeled G and g to indicate the upper and lower branches, respectively. The vernal 
equinox is 30° west of the meridian, as shown, 
and labeled (. The moon is 70° west of the M 
celestial meridian, and the sun is 75° east of 
the celestial meridian. Various quantities are 
shown and labeled. To one who knows these » 
relationships, a time diagram is often useful 
in visualizing conditions of a given situation, 
particularly when some quantities are to be 
found from others. 


m 
Figure 1427a.—Time diagram. 


Ezample—An observer is at longitude G 
104° W. GHAT is 195°. The SHA of a star 
is 206°. 


R equired.—(1) LHA, (2) t, (3) LHA. 
Solution.—Draw the diagram, as shown in 


figure 1427b. From the diagram determine the m 

required relationships: (1) LHA=GHA?-+ ag i 
Hae (2) t=360°—LHA. (3) LHAT = FIGURE iat ad by time 
GHAY—». 


Answers.—(1) LHA 297°, (2) t 63°E, (3) LHAY 91°. 

1428. Horizon system.—-The celestial equator system of coordinates is not con- 
venient for locating celestial bodies relative to an observer. For this purpose the 
horizon system is preferable. In this system, the horizon is the primary great circle 
analogous to the equator (fig. 1428a). The zenith (Z) is that point directly overhead 
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Fiagure 1428a.—The horizon system of coordinates. 


(opposite to the direction of gravity). The nadir (Na) is 180° from the zenith. The 
zenith and nadir are the poles of the system. A circle parallel to the plane of the horizon 
is a parallel of altitude (sometimes called an altitude circle or almucantar). Angular 
distance above the horizon is altitude (h); angular distance from the zenith is zenith 
distance (z). Great circles through the zenith and nadir, and therefore perpendicular 
to the horizon, are vertical circles. The vertical circle through the east and west 
points of the horizon is the prime vertical circle, or, as usually stated, the prime vertical 
(PV). The vertical circle through the north and south points of the horizon is the 
principal vertical circle. It is also the celestial meridian (art. 1426). 

The angular difference between north and any other horizontal direction (the 
bearing) is called azimuth (Zn) when referred to a celestial body. Azimuth, like 
bearing, is measured clockwise around the horizon from 000° at north through 360°. 
It is usually expressed in three figures. Sometimes it is convenient to express direction 
in terms of azimuth angle (Z) which is usually measured from the direction of the 
elevated pole (north or south to agree with the latitude), through 180°, but occasionally 
from the nearer north or south point, through 90°. Azimuth angle is labeled to avoid 
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ambiguity. It is given a prefix, N or S, to indicate the origin of measurement, and a 
suffix, E or W, to indicate the direction of measurement. By means of these labels 
azimuth angle can be converted to azimuth. Thus, N37°W means that the given 
direction is found by starting at north and measuring 37° in a westerly direction, or 
360°—37°=323°. Similarly S 164° W is 164° west of south, or 180°+164°=344°. In 
converting from azimuth to azimuth angle, one must know the name (N or S) of the 
latitude if the 180° system is used. Thus, Zn 068° is equal to N 68° E in north latitude, 
and $112°E in south latitude. If the 90° system is used, it could be N68°E only, 
since this system is without ambiguity except at east and west. In either the 90° or 
180° system the suffix agrees with meridian angle, for if a body is east by meridian 
angle, it is also east by azimuth angle. If LHA is less than 180°, the body is west of 
the meridian, and hence has an azimuth of more than 180°. Thus, both LHA and Zn 
cannot be either less or greater than 180°. 

At rising or setting, a body is not on the prime vertical unless its declination is 
zero. The arc of the horizon between the prime vertical and the body is its amplitude 
(A). This is given the prefix E (east) if 
the body is rising and W (west) if setting. 
It is given the suffix N if the body rises or 
sets north of the prime vertical (which it 
does if it has northerly declination) and S 
if it rises or sets south of the prime vertical 

Sensible|Horizon (having southerly declination). Intercon- 
Geoidal Horizon ae f version of amplitude and azimuth is similar 
A lias eae : to that of azimuth angle and azimuth. 
7 af: Thus, if A=E15°S, the body is 15° south 
<<< Visible Horizon \_ ae of east, or 90°-+15°=105°. For any given 
: Geometrical Horizon = eesti Horizon body, the numerical value of amplitude 
would be the same at rising and setting if 
the declination did not change. Ampli- 
tudes to a declination range of 24° aregiven 
in table 27. A correction to convert the ob- 
served value when the body is on the ap- 
Nadir parent horizon to the corresponding value 
Figure 1428b.—The horizons. it would have if the body were on the celes- 

tial horizon (tab. 27) is given in table 28. 

The horizon system of coordinates is based upon the celestial horizon (sometimes 
called rational horizon). This is a great circle (of the celestial sphere) midway between 
the zenith and nadir. Its plane passes through the center of the earth, and is per- 
pendicular to the zenith-nadir line (fig. 1428b). At the infinite distance of the celestial 
sphere this is considered identical with the sensible horizon, one having a plane parallel 
to that of the celestial horizon, but through the eye of the observer. At heights of eye 
used in marine navigation, the sensible horizon may be considered identical with geoidal 
horizon, the plane of which is parallel to that of the sensible horizon, but through the 
point on the geoid (the sea-level surface of the earth) vertically below the observer. 
Only the sun and moon are near enough to the earth that the difference of altitude 
measured from the celestial and sensible horizons has practical significance to the 
navigator. None of these horizons is marked by a line visible to an observer. In 
practice, the marine navigator usually measures altitude from the visible horizon and 
converts his readings to the corresponding value from the sensible horizon by means 
of dip (art. 1606). The visible borizon is the line where earth and sky appear to meet. 
Over land it is a somewhat irregular line, but at sea this line appears as a circle. It is 


Zenith 


Celestial 
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approximately a small circle of the celestial sphere differing from the sensible horizon 
because of height of the observer’s eye above the surface, and atmospheric refraction. 
The geometrical horizon is below the visible horizon by the amount of terrestrial 
refraction. A straight line from the eye of the observer tangent to the earth leads to 
the geometrical horizon. Occasionally the expression geometrical horizon is used as 
the equivalent of celestial horizon. 

Altitude measured from the celestial horizon is the complement of zenith distance. 
Celestial bodies below the celestial horizon have negative altitude, or a zenith distance 
of more than 90°. In this case, z=90°—(—h)=90°-+h, when h is measured downward 
or negatively from the celestial horizon. Because of dip a body may have slight nega- 
tive altitude and still be above the visible horizon. 

1429. Ecliptic system.—The ecliptic system is based upon the ecliptic as the primary 
great circle, analogous to the equator. The points 90° from the ecliptic are the north 
and south ecliptic poles. The series of great circles through these poles, analogous to 
meridians, are circles of latitude. The circles parallel to the plane of the ecliptic, anal- 
ogous to parallels on the earth, are parallels of latitude or circles of longitude. An- 
gular distance north or south of the ecliptic, analogous to latitude, is celestial latitude. 
Celestial longitude is measured eastward along the ecliptic through 360°, starting at 
the vernal equinox. This system of coordinates is of interest chiefly to astronomers. 

1430. Galactic system.—Another system of interest primarily to astronomers is 
based upon a great circle called the galactic equator, considered to be in the plane of the 
galaxy. The north and south galactic poles are 90° from the galactic equator. Galactic 
latitude is measured north and south from the galactic equator. Galactic longitude is 
measured eastward from a point on the galactic equator at about SHA 84°24’, declina- 
tion 28°55’ S in 1950. 

1431. Summary of coordinate systems.—The four systems of celestial coordinates 
are analogous to each other and to the terrestrial system, although each has distinctions 
such as differences in directions, units, and limits of measurement. The following 
table indicates the analogous term or terms under each system. For differences, see 
the description of each system, given earlier in the chapter, or appendix E. 


Earth Celestial Equator Horizon Ecliptic Galactic 
equator celestial equator horizon ecliptic galactic equator 
poles celestial poles zenith, nadir ecliptic poles galactic poles 
meridians hour circles, celestial me- | vertical circles circles of latitude 

ridians 


prime meridian hour circle , Greenwich | principal vertical circle, | circle of latitude through | great circle through 
celestial meridian, local prime vertical circle <p galactic poles and 
celestial meridian intersection of galac- 
tic equator at about 
SHA 84°24’, declina- 
tion 28°55’ S (1950) 


parallels parallels of declination parallels of altitude parallels of latitude 
latitude declination TSC) altitude celestial latitude galactic latitude 

| colatitude polar distance zenith distance celestial colatitude galactic colatitude 
longitude SHA, RA, GHA, LHA, t azimuth, azimuth angle, | celestial longitude galactic longitude 


1432. Diagram on the plane of the celestial meridian.—From a point outside the 
celestial sphere (if this were possible) and over the celestial equator, at such a distance 
that the view would be orthographic, the great circle appearing as the outer limit would 
be a celestial meridian. Other celestial meridians would appear as ellipses. The 
celestial equator would appear as a diameter 90° from the poles, and parallels of declina- 
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tion as straight lines parallel to the equator. The view would be similar to the ortho- 
graphic view of the earth, as shown in figure 319b. : 

A number of useful relationships can be demonstrated by drawing a diagram on 
the plane of the celestial meridian showing this orthographic view. Ares of circles can 
be substituted for the ellipses without destroying the basic relationships. Refer to 
figure 1432a. In the lower diagram the circle represents the celestial meridian, QQ’ the 
celestial equator, Pn and Ps the north and south celestial poles, respectively. If a star 
has a declination of 30° N, an angle of 30° can be measured from the celestial equator, as 


Meridian 
Lower Branch 


Vertical 


Parallel of 


Celestial 


Avie Naa 
Figure 1432a.—Measurement of celestial FicurE 1432b.—Measurement of horizon system 
equator system of coordinates. of coordinates. 


shown. It could be measured either to the right or left, and would have been toward 
the south pole if the declination had been south. The parallel of declination is a line 
through this point and parallel to the celestial equator. The star is somewhere on this 
line (actually a circle viewed on edge). 

To locate the hour circle, draw the upper diagram so that Pn is directly above 
Pn of the lower figure (in line with the polar axis Pn Ps), and the circle is of the same di- 
ameter as that of the lower figure. This is the plan view, looking down on the celestial 
sphere from the top. The circle is the celestial equator. Since the view is from above 
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the north celestial pole, west is clockwise. The diameter QQ’ is the celestial meridian 
shown as a circle in the lower diagram. If the right half is considered the upper branch, 
local hour angle is measured clockwise from this line to the hour circle, as shown. In 
this case the LHA is 80°. The intersection of the hour circle and celestial equator, 
point A, can be projected down to the lower diagram (point A’) by a straight line parallel 
to the polar axis. The elliptical hour circle can be represented approximately by an 
arc of a circle through A’, Pn, Ps. The center of this circle is somewhere along the 
celestial equator line QQ’, extended if necessary. It is usually found by trial and error. 
The intersection of the hour circle and parallel of declination locates the star. 

Since the upper diagram serves only to locate point A’ in the lower diagram, the 
two can be combined. That is, the LHA arc can be drawn in the lower diagram, as 
shown, and point A projected upward to A’. In practice, the upper diagram is not 
drawn, being shown here for illustrative purposes only. 

In this example the star is on that half of the sphere toward the observer, or the 
western part. If LHA had been greater than 180°, the body would have been on the 
eastern or “‘back”’ side. 

From the east or west point over the celestial horizon, the orthographic view of the 
horizon system of coordinates would be similar to that of the celestial equator system 
from a point over the celestial equator (fig. 1432a), since the celestial meridian is also 
the principal vertical circle. The horizon would appear as a diameter, parallels of 
altitude as straight lines parallel to the horizon, the zenith and nadir as poles 90° from 
the horizon, and vertical circles as ellipses through the zenith and nadir, except for the 
principal vertical circle, which would appear as a circle, and the prime vertical, which 
would appear as a diameter perpendicular to the horizon. 

A celestial body can be located by altitude and azimuth in a manner similar to 
that used with the celestial equator system. If the altitude is 25°, this angle is meas- 
ured from the horizon toward the zenith and the parallel of altitude is drawn as a 
straight line parallel to the horizon, as shown at hh’ in the lower diagram of figure 1432b. 
The plan view from above the zenith is shown in the upper diagram. If north is taken 
at the left, as shown, azimuths are measured clockwise from this point. In the figure 
the azimuth is 290° and the azimuth angle is N 70° W. The vertical circle is located 
by measuring either are. Point A thus located can be projected vertically downward to 
A’ on the horizon of the lower diagram, and the vertical circle represented approximately 
by the arc of a circle through A’ and the zenith and nadir. The center of this circle 
is on NS, extended if necessary. The body is at the intersection of the parallel of 
altitude and the vertical circle. Since the upper diagram serves only to locate A’ on 
the lower diagram, the two can be combined, point A located on the lower diagram and 
projected upward to A’, as shown. Since the body of the example has an azimuth 
greater than 180°, it is on the western or “front” side of the diagram. 

Since the celestial meridian appears the same in both the celestial equator and 
horizon systems, the two diagrams can be combined and, if properly oriented, a body 
can be located by one set of coordinates, and the coordinates of the other system 
can be determined by measurement. 

Refer to figure 1432c, in which the black lines represent the celestial equator 
system, and the red lines the horizon system. By convention, the zenith is shown at 
the top and the north point of the horizon at the left. The west point on the horizon 
is at the center, and the east point directly behind it. In the figure the latitude is 
37°N. Therefore, the zenith is 37° north of the celestial equator. Since the zenith 
is established at the top of the diagram, the equator can be found by measuring an 
are of 37° toward the south, along the celestial meridian. If the declination is 30° N and 
the LHA is 80°, the body can be located as shown by the black lines, and described above. 
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The altitude and azimuth can be determined by the reverse process to that de- 
scribed above. Draw a line hh’ through the body and parallel to the horizon, NS. 
The altitude, 25°, is found by measurement, as shown. Draw the arc of a circle 
through the body and the zenith and nadir. From A’, the intersection of this arc 
with the horizon, draw a vertical line intersecting the circle at A. The azimuth, 
N 70° W, is found by measurement, as shown. The prefix N is applied to agree with the 
latitude. The body is left (north) of ZNa, the prime vertical circle. The suffix W 
applies because the LHA, 80°, shows that the body is west of the meridian. 

If altitude and azimuth are given, the body is located by means of the red lines. 
The parallel of declination is then drawn parallel to QQ’, the celestial equator, and the 
declination determined by measurement. Point L’ is located by drawing the are of a 
circle through Pn, the star, and Ps. From L’ a line is drawn perpendicular to QQ’, 
locating L. The meridian angle is then found by measurement. The declination is 
known to be north because the 
body is between the celestial 
equator and the north ceiestial 
pole. The meridian angle is 
west to agree with the azi- 
muth, and hence LHA is nu- 
merically the same. 

Since QQ’ and PnPs are 
perpendicular, and ZNa and 
NS are also perpendicular, are 
NPn is equal to are ZQ. That 
is, the altitude of the elevated 
pole 1s equal to the declination 
of the zenith, which is equal to 
the latitude. 'This relationship 
is the basis of the method of 
determining latitude by an ob- 
servation of Polaris (art. 2105). 

The diagram on the plane 
of the celestial meridian is use- 

Nu ful in approximating a number 
Figure 1432c.—Diagram on the plane of the celestial meridan. of relationships. Consider fig- 
ure 1432d. The latitude of 
the observer (NPn or ZQ) is 45°N. The declination of the sun (Q4) is 20°N. 
Neglecting the change in declination for one day, note the following: At sunrise, 
position 1, the sun is on the horizon (NS), at the “back” of the diagram. Its altitude, 
h, is 0°. Its azimuth angle, Z, is the are NA, N 63° E. This is prefixed N to agree 
with the latitude and suffixed E to agree with the meridian angle of the sun at sunrise. 
Hence, Zn=0°+ 63°=063°. The amplitude, A, is the are ZA, E27°N. The meridian 
angle, t, is the arc QL, 110° E. The suffix E is applied because the sun is east of the 
meridian at rising. The LHA is 360°—110°=250°. 

As the sun moves upward along its parallel of declination, its altitude increases. 
It reaches position 2 at about 0600, when t—90° E. At position 3 it ison the prime verti- 
cal, ZNa. Its azimuth angle, Z, is N 90° E, and Zn—090°. The altitude is Nh’ or Sh, 27°. 

Moving on up its parallel of declination, it arrives at position 4 on the celestial 
meridian about noon—when t and LHA are both 0°, by definition. On the celestial 
meridian a body’s azimuth is 000° or 180°. In this case it is 180° because the body 
is south of the zenith. The maximum altitude occurs at meridian transit, in this case 
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the are S4, 65°. The zenith distance, z, is the arc Z4, 25°. A body is not in the zenith 
at meridian transit unless its declination is numerically, and by name, the same as the 
latitude. 

Continuing on, the sun moves downward along the “‘front’’ or western side of the 
diagram. At position 3 it is again on the prime vertical. The altitude is the same as 
when previously on the prime vertical, and the azimuth angle is numerically the same, 
but now measured toward the west. The azimuth is 270°. The sun reaches position 
2 six hours after meridian transit, and sets at position 1, when the azimuth angle is 
numerically the same as at sunrise, but westerly, and Zn=360°—63°=297°. The 
amplitude is W27°N. 

After sunset the sun continues on downward along its parallel of declination until 
it reaches position 5, on the lower branch of the celestial meridian, about midnight. 
Its negative altitude, arc N5, is now greatest, 25°, and its azimuth is 000°. At this 
point it starts back up along the “back” of the diagram, arriving at position 1 at the 
next sunrise, to start another cycle. 

Half the cycle is from the cross- 
ing of the 90° hour circle (the PnPs 
line, position 2) to the upper branch 
of the celestial meridian (position 
4) and back to the PnPs line (posi- 
tion 2). When the declination and 
latitude have the same name (both 
north or both south), more than 
half the parallel of declination (posi- 
tion 1 to 4 to 1) 1s above the horizon, 
and the body is above the horizon 
more than half the time, crossing 
the 90° hour circle above the hori- 
zon. It rises and sets on the same 
side of the prime vertical as the 
elevated pole. If the declination is 
of the same name but numerically 
smaller than the latitude, the body 
crosses the prime vertical above 
the horizon. If the declination and Figure 1432d.—A diagram on the plane of the celestial 
latitude have the same name and meridian for lat. 45° N. 
are numerically equal, the body 
is in the zenith at upper transit. If the declination is of the same name but numer- 
ically greater than the latitude, the body crosses the upper branch of the celestial 
meridian between the zenith and elevated pole, and does not cross the prime vertical. 
If the declination is of the same name as the latitude and complementary to it (d-++-L= 
90°), the body is on the horizon at lower transit, and does not set. If the declination 
is of the same name as the latitude and numerically greater than the colatitude, the 
body is above the horizon during its entire daily cycle, and has maximum and minimum 
altitudes, as shown by the black dotted line in figure 1432d. 

If the declination is 0° at any latitude, the body is above the horizon half the time, 
following the celestial equator QQ’, and rising and setting on the prime vertical. If the 
declination is of contrary name (one north and the other south), the body is above the 
horizon less than half the time, and crosses the 90° hour circle below the horizon. It 
rises and sets on the opposite side of the prime vertical from the elevated pole. If the 
declination is of contrary name and numerically smaller than the latitude, the body 
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crosses the prime vertical below the horizon. This is the situation with the sun in 
winter, when days are short. If the declination is of contrary name and numerically 
equal to the latitude, the body is in the nadir at lower transit. If the declination is of 
contrary name and complementary to the latitude, the body is on the horizon at upper 
transit. If the declination is of contrary name and numerically greater than the 
colatitude, the body does not rise. 

All of these relationships, and those that follow, can be derived by means of a 
diagram on the plane of the celestial meridian. They are modified slightly by atmos- 
pheric refraction, height of eye, semidiameter, parallax, changes in declination, and 
apparent speed of the body along its diurnal circle. 

It is customary to keep the same orientation in south latitude, as shown in figure 
1432e. In this illustration the latitude is 45°S, and the declination of the body is 
15°N. Since Ps is the elevated pole, it is shown above the southern horizon, with 

both SPs and ZQ equal to the 
Z latitude, 45°. The body rises at 
position 1, on the opposite side 
of the prime vertical from the 
elevated pole; moves upward 
along its parallel of declination 
to position 2, on the upper 
branch of the celestial meridian, 
bearing north; and then down- 
ward along the ‘front’ of the 
diagram to position 1, where 
it sets; remaining above the ho- 
rizon for less than half the time 
because declination and latitude 
are of contrary name. The 
azimuth at rising is arc NA, the 
amplitude ZA, and the azimuth 
angle SA. The altitude circle 
at meridian transit is shown 
at hh’. 

A diagram on the plane of 
Figure 1432e.—A diagram on the plane of the celestial the celestial meridian can be 

meridian for lat. 45° S. used to demonstrate the effect 

of a change in latitude. As the 

latitude increases, the celestial equator becomes more nearly parallel to the horizon. 
The colatitude becomes smaller, increasing the number of circumpolar bodies and 
those which neither rise nor set, and also increasing the difference in the length of 
the days between summer and winter. At the poles (fig. 1416b), celestial bodies 
circle the sky, parallel to the horizon. At the equator (fig. 1416a) the 90° hour 
circle coincides with the horizon. Bodies rise and set vertically; and are above the 
horizon half the time. At rising and setting the amplitude is equal to the declination. 
At meridian transit the altitude is equal to the codeclination. As the latitude 
changes name, the same-contrary name relationship with declination reverses. This 
accounts for the fact that one hemisphere has winter while the other is having summer. 

The error arising from showing the hour circles and vertical circles as arcs of 
circles instead of ellipses increases with increased declination or altitude. More 
accurate results can be obtained by measurement of azimuth on the parallel of alti- 
tude instead of the horizon, and of hour angle on the parallel of declination instead 
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of the celestial equator. Refer to figure 1432f. The vertical circle shown is for 
a body having an azimuth angle of S60° W. The arc of a circle is shown in black, 
and the ellipse in red. The black arc is obtained by measurement around the horizon, 
locating A’ by means of A, as previously described. The intersection of this arc with 
the altitude circle at 60° places the body at M. If asemicircle is drawn with the altitude 
circle as a diameter, and the azimuth angle measured around this, to B, a perpendicular 
to the hour circle locates the body at M’, on the ellipse. By this method the altitude 
circle, rather than the horizon, is, in effect, rotated through 90° for the measurement. 
This refinement is seldom used because actual values are usually found mathematically, 
the diagram on the plane of the meridian being used primarily to indicate relationships. 
With experience, one may mentally visualize the diagram on the plane of the 
celestial meridian without making an actual drawing. Devices with two sets of 
spherical coordinates, on either 
the orthographic (art. 319) or 
stereographic (art. 318) projec- 
tion, pivoted at the center, have 
been produced commercially to 
provide a mechanical diagram 
on the plane of the celestial me- 
ridian. However, since the dia- 
gram’s principal use is to illus- 
trate certain relationships, such 
a device is not a necessary part 
of the navigator’s equipment. 
1433. The navigational tri- 
angle.—A triangle formed by 
arcs of great circles of a sphere 
is called a spherical triangle. 
A spherical triangle on the 
celestial sphere is called a ce- 
lestial triangle. The spherical 
triangle of particular signifi- 
cance to navigators is called 
the navigational triangle. It 
is formed by arcs of a celestial 
meridian, an hour circle, and 
a vertical circle. Its vertices Figure 1432f.—Locating a point on an ellipse of a diagram 
are the elevated pole, the zenith, on the plane of the celestial meridian. 
and a point on the celestial 
sphere (usually a celestial body). The terrestrial counterpart is also called a naviga- 
tional triangle, being formed by arcs of two meridians and the great circle connecting 
two places on the earth, one on each meridian. The vertices are the two places and a 
pole. In great-circle sailing these places are the point of departure and the destina- 
tion. In celestial navigation they are the assumed position (AP) of the observer and 
the geographical position (GP) of the body (the place having the body in its zenith). 
The GP of the sun is sometimes called the subsolar point, that of the moon the 
sublunar point, that of a satellite (either natural or artificial) the subsatellite point, 
and that of a star its substellar or subastral point. When used to solve a celestial obser- 
vation, either the celestial or terrestrial triangle may be called the astronomical triangle. 
The navigational triangle is shown in figure 1433a on a diagram on the plane of 
the celestial meridian, labeled as in article 1432, but with the hour circle and vertical 
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Figure 1433a.—The navigational triangle. 


circle properly shown as ellipses. 
The earth is at the center, 0. 
The star is at M, dd’ is its par- 
allel of declination, and hh’ its 
altitude circle. 

In the figure, arc QZ of the 
celestial meridian is the latitude 
of the observer, and PnZ, one 
side of the triangle, is the co- 
latitude. Arc AM of the ver- 
tical circle is the altitude of the 
body, and side ZM of the tri- 
angle is the zenith distance, or 
coaltitude. Arc LM of the hour 
circle is the declination of the 
body, and side PnM of the tri- 
angle is the polar distance, or 
codeclination. 

The angle at the elevated 
pole, ZPnM, having the hour 
circle and the celestial meridian 
as sides, is the meridian angle, t. 


The angle at the zenith, PnZM, having the vertical circle and that are of the celestial 
meridian which includes the elevated pole as sides, is the azimuth angle. The angle 
at the celestial body, ZMPn, having the hour circle and the vertical circle as sides, is 


Figure 1433b.—The navigational triangle in perspective. 
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the parallactic angle (X) (sometimes called the position angle), which is not generally 
used by the navigator. 

A number of problems involving the navigational triangle are encountered by the 
navigator, either directly or indirectly. Of these, the most common are: 

1. Given latitude, declination, and meridian angle, to find altitude and azimuth 
angle. This is used in the reduction of a celestial observation, to establish a line of 
position (ch. XX). 

2. Given latitude, altitude, and azimuth angle, to find declination and meridian 
angle. This is used to identify an unknown celestial body (ch. XXII). 

3. Given meridian angle, declination, and altitude, to find azimuth angle. This 
may be used to find azimuth when the altitude is known (ch. XX). 

4. Given the latitude of two places on the earth and the difference of longitude 
between them, to find the initial great-circle course and the great-circle distance (ch. 
VIII). This involves the same parts of the triangle as in 1, above, but in the terrestrial 
triangle, and hence defined differently. 

Both celestial and terrestrial navigational triangles are shown in perspective in 
figure 1433b. 

Problems 


1427. Given.—An observer is at longitude 77°E. The sun is 60° east of the 
meridian. GHAT is 37°. 

Required.—(1) LHA of the sun. 

(2) GHA of the sun. 

(3) SHA of the sun. 

(4) Approximate time at the local meridian. 

Answers.—(1) LHA 300°, (2) GHA 223°, (3) SHA 186°, (4) T 0800. 

1428a. Required —Convert Z to Zn in the following: 


(1) N174°E - (4) 539°E 
(2) S1°E (5) N 106° W 
(3) S90°W (6) N90°W 


Answers.—(1) Zn 174°, (2) Zn 179°, (3) Zn 270°, (4) Zn 141°, (5) Zn 254°, (6) Zn 
210. 
1428b. Required —Convert Zn to Z in the following, using the 180° system: 


Zn Lat. Zn Lat. 
(1) 214° N (4) 333° S 
(270160, Ss (5) 206° N 
(3) 007° N (6) 206° S 


Answers.—(1) Z N146°W, (2) Z S17°H, (3) Z N7°EH, (4) Z S153°W, (5) Z 
N 154° W, (6) Z S26°W. 
1428c. Required.—Convert Zn to Z in the following, using the 90° system: 


(1) 051° (ayg251° 
(2) 151° (4) 351° 
Answers.—(1) Z N51°H, (2) Z S29°H, (3) Z S71°W, (4) Z N9°W. 
1428d. Given.—The following amplitudes: 
A Lat. A Lat. 
(a) W24°N N (CR o5o5 N 
(b) E18°N 5 (d) W4°S i) 
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Required.—(1) Zn, (2) Z (180° system), (3) Z (90° system). 

Answers.—(1) (a) Zn 294°, (b) Zn 072°, (c) Zn 145°, (d) Zn 266°; (2) (a) Z N66°W, 
(b) ZS108°E, (c) Z N145°E, (d) Z S86°W; (3) (a) Z N66°W, (b) Z N72°R, 
(c) ZS35°E, (d) Z S86° W. 

1428e. Given.—The following azimuth angles at rising and setting: 


(1) N80°E (3) S110°E 
(2) N95°W (4) S90°W 


Required—Amplitude. 
Answers.—(1) A E10°N, (2) A W5°S, (3) A E20°N, (4) A 0°. 


Solve the following problems by diagrams on the plane of the celestial meridian: 


1432a. Given.—L 32°N, t 71° W, d 27°N. 
Required —Altitude and azimuth. 
Answers.—h 28°, Zn 288°. 


1432b. Given —L 17°S, t 64°F, d 28°S. 
Required. —Altitude and azimuth. 
Answers.—h 28°, Zn 115°. 


1432c: Given.—L 59°N, h 27°, Zn 052°. 
Required.—Declination and meridian angle. 
Answers.—d 41°N, t 111°E. 


1432d. Given.—L 31°N, declination of sun 18°S. 

Required.—(1) Azimuth at sunrise, (2) maximum altitude, (3) altitude when the 
azimuth is 234°, (4) azimuth angle when the altitude in the afternoon is 10°, (5) 
amplitude at sunset. 

Answers.—(1) Zn 111°, (2) h 41°, (3) h 18°, (4) Z N118°W, (5) A W21°S. 


1432e. Given.—The declination of the star Dubhe is approximately 62°N. When 
observed at lower transit, its altitude is 43°. 

Required —(1) Latitude of the observer, (2) azimuth at upper transit. 

Answers.—(1) L.71°N, (2) Zn 180°. 


1432f. Required.—For an observer at latitude 39° N , find for the sun at summer and 
winter solstices, respectively: (1) LHA at sunrise, (2) LHA when on the prime vertical 
during the morning, (3) maximum altitude, (4) LHA at sunset, (5) length of daylight 
if the sun moves 15° per hour. 


Answers.— 
Summer Winter 
(1) LHA 248° 292° 
(2) LHA 304° 236° (below horizon) 
(Seb qe 28° 
(4) LHA 12%, 68° 
(5) T 14°56™ ghoam 


1432g. Given.—L 83°N, sun’s declination 4°S. 

Required —(1) LHA at sunrise, (2) maximum altitude, (3) LHA at sunset, (4) 
length of daylight (sun moving 15° per hour). 

Answers.—(1) LHA 305°, (2) max h 3°, (3) LHA 55°, (4) T 720", 
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CHAPTER XV 
INSTRUMENTS FOR CELESTIAL NAVIGATION 


1501. The marine sextant is a hand-held instrument for measuring the angle 
between the lines of sight to two points by bringing into coincidence at the eye of the 
observer the direct ray from one point, and a double-reflected ray from the other, the 
measured angle being twice the angle between the reflecting surfaces. Its principal 
use is to measure the altitudes of celestial bodies above the visible sea horizon. Some- 
times it is turned on its side and used for measuring the difference in bearing of two 
terrestrial objects. Because of its great value for determining position at sea, the 
sextant has been a symbol of navigation for more than 200 years. The quality of his 
instrument, the care he gives it, and the skill with which he makes observations are to 
the navigator matters of professional pride. 

The name “sextant” is from the Latin seztans, “the sixth part.” The arc of early 
marine sextants is approximately the sixth part of a circle, but because of the optical 
principle involved (art. 1502), the instrument measures angles of 120°. Most modern 
instruments measure something more than this. 

1502. Principle of operation.—When a ray of light is reflected from a plane surface, 
the angle of reflection is equal to the angle of incidence (fig. 1502a). When the reflecting 


TTT TT 


FIGURE 1502a.—Angle of reflection equals angle Fiqure 1502b.—Optical principle of 
of incidence. the marine sextant. 


surface is rotated toward or away from the incident ray, each angle is changed by the 
amount of rotation, so that the total angle between the incident and reflected rays is 
altered by twice the change in the reflecting surface. With the sextant, the ray of 
light is reflected by two mirrors; one movable and the other fixed. The angle between 
the first and last directions is twice the angle between the mirrors. 

In figure 1502b, AB is a ray of light from a. celestial body. The index mirror of 
the sextant is at B, the horizon glass at C’, and the eye of the observer at D. Con- 
struction lines EF and CF are perpendicular to the index mirror and horizon glass, 
respectively, and lines BG@ and C@ are parallel to these mirrors. Therefore, angles 
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BFC and BGC are equal because their sides are mutually perpendicular (art. 027). 
Angle BGC is the inclination of the two reflecting surfaces. The ray of light AB is 
reflected at mirror B, proceeds to mirror C, where it is again reflected, and then continues 
on to the eye of the observer at D. Since the angle of reflection is equal to the angle 
of incidence, 


ABE= EBC, and ABC=2EBC 
BCF=FCD, and BCD=2BCF. 
Since an exterior angle of a triangle equals the sum of the two nonadjacent interior 
angles (art. O28), 
ABC=BDC+BCD, and EBC=BFC+ BCF. 
Transposing, 
BDC=ABC— BCD, and BFC=EBC— BCF. 


Substituting 2E BC for ABC, and 2BCF for BCD in the first of these equations, 
BDC=2EBC—2BCF, or BDC=2(EBC-BCF). 


Since 
BFC=EBC— BCP, and BFC=BGC, 
therefore 


BDC=2BFC=2BG4C. 


That is, BDC, the angle between the first and last directions of the ray of light, is 
equal to 2BGC, twice the angle of inclination of the reflecting surfaces. Angle BDC 
is the altitude of the celestial body. 

1503. Micrometer drum sextant.—A modern marine sextant, called a micrometer 
drum sextant, is shown in figure 1503a. In most marine sextants, the frame. A, is 
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Figtre 1503a.—U. 8. Navy standard micrometer drum sextant. 
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made of brass or aluminum. There are several variations of the design of the frame, 
nearly all conforming generally to that shown. The limb, B, is cut on its outer edge 
with teeth, each representing one degree of altitude. The altitude graduations, C, 
along the limb, are called the are. Some sextants have an arc marked-in a strip of 
brass, silver, or platinum inlaid in the limb. 

The index arm, D, is a movable bar of the same material as the frame. It is 
pivoted about the center of curvature of the limb. The tangent screw, E, is mounted 
perpendicularly on the end of the index arm, where it engages the teeth of the limb. 
Because the index arm can be moved through the length of the arc by rotating the 
tangent screw, this is sometimes called an “endless tangent screw,” in contrast with the 
limited-range device on older instruments. The release, F, is a spring-actuated clamp 
which keeps the tangent screw engaged with the teeth of the limb. By applying 
pressure on the legs of the release, one can disengage the tangent screw. The index 
arm can then be moved rapidly along the limb. Mounted on the end of the tangent 
screw is a micrometer drum, G, which is graduated in minutes of altitude. One com- 
plete turn of the drum moves the index arm one degree of altitude along the arc. 
Adjacent to the micrometer drum and fixed on the index arm is a vernier, H, which aids 
in reading fractions of a minute. The vernier shown is graduated into ten parts, 
permitting readings to six seconds. Other sextants (generally of European manu- 
facture) have verniers graduated into only six parts, permitting readings to ten seconds. 
The most expensive sextant in common use has no vernier, and readings more precise 
than one minute can only be estimated. 

The index mirror, /, is a piece of silvered plate glass mounted on the index arm, 
perpendicular to the plane of the instrument, with the center of the reflecting surface 
directly over the pivot of the index arm. The horizon glass, J, is a piece of plate glass 
silvered on its half nearer the frame. It is mounted on the frame, perpendicular to 
the plane of the sextant. The index mirror and horizon glass are mounted so that 
their surfaces are parallel when the micrometer drum is set at 0°, if the instrument is 
in perfect adjustment. Shade glasses, K, of varying or variable darkness, are mounted 
on the frame of the sextant in front of the index mirror and horizon glass. They can 
be moved into the line of sight at will, to reduce the intensity of light reaching the eye 
of the observer. Older sextants have two sets of shade glasses, as shown in figure 
1504. Many modern sextants are fitted with a single Polaroid filter of variable dark- 
ness in place of each set of shade glasses, as shown in figure 1503a. 

The telescope, L, screws into an adjustable collar in line with the horizon glass, 
and should then be parallel to the plane of the instrument. Most modern sextants 
are provided with only one telescope, but some are equipped with two or more. When 
only one telescope is provided, it is of the “erect image type,” either such as shown or one 
with a wider “object glass” (far end of telescope), which generally is shorter in length 
and gives a greater field of view. The second telescope, if provided, is of the ‘“Inverting 
type.” The inverting telescope, having one lens less than the erect type, absorbs less 
light, but at the expense of producing an inverted image. A small colored glass cap 
is usually provided, to be placed over the “eyepiece” (near end of telescope) to reduce 
the glare. With this in place, shade glasses are generally not needed. A “peep sight”’ 
may be provided. It is a clear tube which serves to direct the line of sight of the 
observer when no telescope is used. 

The telescope shown in figure 1503a is fitted with a “spiral focusing mechanism.” 
Other sextants substitute a “draw” for this mechanism. The draw is fitted inside the 
telescope tube without threads and is slid in or out as necessary to focus the instrument. 
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The spiral focusing mechanism is easily adjusted each time the sextant is used, but on 
the draw type, the navigator should mark the draw to indicate the correct extension 
for his eyes. ef 

The handle, M, of most sextants is made of wood or plastic. Sextants are 
designed to be held in the right hand. Some are equipped with a small light on the 
index arm to assist in reading altitudes. The batteries for this light are fitted inside 
a recess in the sextant handle. 

Figure 1503b shows a sextant with a silver arc inserted in the limb, a micrometer 
drum graduated oppositely to the one in figure 1503a, a vernier graduated into six 
parts, a shorter telescope with a 
wider object glass than that in 
figure 1503a, a telescope draw 
substituted for a spiral focusing 
mechanism, and a light fitted 
on the index arm. 

1504. Vernier sextant.— 
Nearly all marine sextants of 
recent manufacture are of the 
type described in article 1503. 
At least two older-type sextants 
are still in use. These differ 
from the micrometer drum sex- 
tant principally in the manner 
in which the final reading is 
made. They are called vernier 
sextants. 

The clamp screw vernier 
sextant is the older of the two. 
In place of the modern “release,” 
a clamp screw is fitted on the 
underside of the index arm. To 
move the index arm, one loosens 
the clamp screw, releasing his Ficure 1503b.—A micrometer drum sextant used in the 
arm. When the arm is placed merchant marine. 
at the approximate altitude of 
the body being observed, the clamp screw is tightened. Fixed to the clamp screw and 
engaged with the index arm is a long tangent screw. When this screw is turned, the 
index arm moves slowly, permitting accurate setting. Movement of the index arm (by 
the tangent screw) is limited to the length of the screw (several degrees of arc). Before an 
altitude is measured, this screw should be set to the approximate mid-point of its range. 
The final reading is made on a vernier set in the index arm below the arc. A small 
microscope or magnifying glass fitted to the index arm is used in making the final read- 
ing. Figure 1504 shows a clamp screw vernier sextant. 

The endless tangent screw vernier sextant is identical with the micrometer drum 
sextant, except that it has no drum, and the fine reading is made by a vernier along the 
arc, as with the clamp screw vernier sextant. The release is the same as on the microm- 
eter drum sextant and teeth are cut into the underside of the limb which engage with 
the endless tangent screw. The vernier itself is explained in article 1506. 
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Figure 1504.—A clamp screw vernier sextant. 


1505. Use of the sextant.—When the sun is observed, the sextant is held vertically 
in the right hand, and the line of sight is directed at the point on the horizon directly 
below the body. Suitable shade glasses are moved into the line of sight, and the index 
arm is moved outward from near the 0° point until the reflected image of the sun 
appears in the horizon glass, near the direct view of the horizon. The sextant is then 
tilted slightly to the right and left to check its perpendicularity. As the sextant is 
tilted, the image of the sun appears to move in an arc, and the observer may have to 
change slightly the direction in which he is facing, to prevent the image from moving 
out of the horizon glass. When the sun appears at the bottom of its apparent arc 
resulting from this swinging the arc, or rocking the sextant, the sextant is vertical, 
and in the correct position for making the observation. If the sextant is tilted, too 
great an angle will be measured. When the sextant is vertical, and the observer is 
facing directly toward the sun, its reflected image appears at the center of the horizon 
glass, half on the silvered part, and half on the clear part. The index arm is then moved 
slowly until the sun appears to be resting exactly on the horizon, which is tangent to 
the lower limb. Occasionally, the sun image is brought below the horizon, and the 
upper limb observed. It is good practice to make several observations, moving the limb 
away from the horizon, alternately above and below it, between readings. Practice 
is needed to determine the appearance at tangency, which occurs at only one point, to 
avoid the common error of beginners of bringing the image down too far (too little for an 
upper-limb observation). Some navigators get more accurate observations by letting 
the body contact the horizon by its own apparent motion, bringing it slightly below 
the horizon if rising, and above if setting. At the instant the horizon is tangent to 
the disk, the time is noted. The sextant altitude is the uncorrected reading of the sex- 
tant. Figure 1505a illustrates the major steps in making an observation of the sun. 
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FIGURE 1505a.—Left, view through telescope with index arm set near zero. Center, “swinging the 
arce”’ after the sun has been brought close to the horizon. Right, sun at the instant of tangency. 


At the left, the index arm has been moved a short distance from 0°. In the center, it 
has been clamped with the sun in the approximate position for a reading, and the 
sextant is being rocked. At the right, the sun is in the correct position for a reading. 

When the moon is observed, the procedure is the same as for the sun, except that 
shade glasses are usually not required. The upper limb of the moon is observed more 
often than that of the sun, because of the phases of the moon. When the terminator 
(art. 1423) is nearly vertical, care should be exercised in selecting the limb that is 
illuminated, if an inaccurate reading is to be avoided. Sights of the moon are best 
made during daylight hours, or during that part of twilight in which the moon is least 
luminous. During the night, false horizons nearly always appear below the moon, due 
to illumination of the water by moonlight. 

When a star or planet is observed, three methods of making the initial approxima- 
tion of the altitude are in common use. In the most common, the index arm and 
micrometer drum are set on zero and the line of sight is directed at the body to be ob- 
served. Then, while keeping the reflected image of the body in the mirrored half of 
the horizon glass, the index arm is slowly swung out and the frame of the sextant is 
rotated down. ‘The reflected image of the body is kept in the mirror until the horizon 
appears in the clear part of the horizon glass. 

When there is little contrast 
between brightness of the sky 
and the body, this procedure is 
difficult, for if the body is “‘lost’’ 
while it is being brought down, 
it may not be recovered without 
starting again at the beginning 
of the procedure. An alter- 
native method sometimes used 
consists of holding the sextant 
upside down-in the left hand, 
directing the line of sight at the 
body, and slowly moving the 
index arm out until the horizon 
appears in the horizon glass. 
Thisisillustrated in figure 1505b. 
After contact is made, the sex- 
tant is inverted and the sight 
taken in the usual manner. Fiaure 1505b.—Method of bringing horizon “up” to body. 


HORIZON 
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A third method consists of determining in advance the approximate altitude and 
azimuth of the body by a star finder such as H.O. 2102—D (art. 2210). The sextant is 
set at the indicated altitude, and the observer faces in the direction indicated by the 
azimuth. After a short search, during which the index arm is moved backward and 
forward a few degrees, and the azimuth in which the observer faces is changed a little 
to each side, the image of the body should appear in the horizon glass. The best 
method to use for any observation is that which produces the desired result with the 
least effort. It is largely a matter of personal preference. 

Measurement of the altitude of a star or planet differs from that of the sun or 
moon in that the center of a star or planet, rather than a limb, is brought into coin- 
cidence with the horizon. Figure 1505c shows the reflected image of a star as it should 
appear at the time of observation. Because of this difference, and the limited time 
usually available for observation during twilight, the method of letting a star or 
planet intersect the horizon by its own motion is little used. As with the sun and moon, 
however, the navigator should not forget to swing 
the arc to establish perpendicularity of the sextant. 

Occasionally, fog, haze, or other ships may 
obscure the horizon directly below a body which the 
navigator wishes to observe. If the arc of the sextant 
is sufficiently long, a back sight might be obtained, 
using the opposite point of the horizon as the refer- 
ence. The observer faces away from the body and 
observes the supplement of the altitude. If the sun 
or moon is observed in this manner, what appears in 
the horizon glass to be the lower limb is in fact the 
upper limb. In the case of the sun, it is usually 
preferable to observe what appears to be the upper 
Figure 1505c.—Correct position of limb. The arc that appears when rocking the sex- 

planet or star at moment of : Bear : : 
servation: tant for a back sight is inverted; that is, the highest 
point indicates the position of perpendicularity. 

If more than one telescope is furnished with the sextant, the erecting telescope is 
used to observe the sun. Generally, the inverting telescope will produce the best results 
when observing the stars, although some navigators prefer not to use any telescope, 
thus obtaining a wider field of view. The collar into which the sextant telescope fits 
may be adjusted in or out in relation to the frame. When moved in, more of the 
mirrored half of the horizon glass is visible to the navigator, and a star or planet is 
more easily observed when the sky is relatively bright. Near the darker limit of 
twilight, the telescope can be moved out, giving a broader view of the clear half of the 
glass, and making the less distinct horizon more easily discernible. If both eyes 
are kept open until the last moments of an observation, eye strain will be lessened. 
But in making the final measurement, the nonsighting eye should be closed to permit 
full ocular concentration. Practice will permit observations to be made quickly, 
reducing inaccuracy due to eye fatigue. If several observations are made in succession, 
with a short rest between them, the best results should be obtained. With experience, 
the observer should be able to “call his shots,” identifying the better ones. 

When an altitude is being measured, it is desirable to have an assistant note the 
time, so that simultaneous values of time and altitude will beavailable. Heshould be 
given a warning “stand-by” when the measurement is nearly completed, and a ‘“‘mark”’ 
at the moment a reading is made. He should be instructed to read the three hands in 
order of their rapidity of motion; the second hand first, then the minute hand, and 


INSTRUMENTS FOR CELESTIAL NAVIGATION 405 


finally the hour hand. [If it is sufficiently dark that a light is needed to make the read- 
ing, the assistant should read both the time, and then the altitude, behind the observer 
and facing away from him, to avoid impairment of the observer’s eye adaption to sky 
and horizon lighting conditions. 

If an assistant is not available to time the observations, the observer holds the 
watch in the palm of his left hand, leaving his fingers free to manipulate the tangent 
screw of the sextant. After making the observation, he quickly shifts his view to the 
watch, and notes the positions of the second, minute, and hour hands, respectively. 
The delay between completing the altitude observation and noting the time should 
not be more than one or two seconds. The average time should be determined by 
having someone measure it for several observations, or by counting the half seconds 
(learning to count with the half-second beats of a chronometer). This interval can 
then be subtracted from the observed time of each sight. 

1506. Reading the sextant.—The reading of a micrometer drum sextant is made 
in three steps. The degrees are read by noting the position of the arrow on the index 
arm in relation to the arc. The minutes are read by noting the position of the zero 
on the vernier with relation to the graduations on the micrometer drum. The fraction 
of a minute is read by noting which mark on the vernier most nearly coincides with 
one of the graduations on the micrometer drum. This is similar to reading the time 
by means of the hour, minute, and second hands of a watch. In both, the relation- 
ship of one part of the reading to the others should be kept in mind. Thus, if the 
hour hand of a watch were about on “4,” one would know that the time was about 
four o’clock. But if the minute hand were on “58,” one would know that the time 
was 0358 (or 1558), not 0458 (or 1658). Similarly, if the arc indicated a reading of 


Fieure 1506a.—Micrometer drum sextant set at 29°42°5. 


406 INSTRUMENTS FOR CELESTIAL NAVIGATION 


40. 


DPE 
20 15 10 


ef 


perry! i 
5 


Figure 1506b.—Vernier sextant set at 29°42’30”. 


about 40°, and 58’ on the micrometer drum were opposite zero on the vernier, one 
would know that the reading was 39°58’, not 40°58’. Similarly, any doubt as to the 
correct minute can be removed by noting the fraction of a minute from the position of 
the vernier. In figure 1506a the reading is 29°42’5. The arrow on the index mark 
is between 29° and 30°, the zero on the vernier is between 42’ and 43’, and the ‘‘0/5” 
graduation on the vernier coincides with one of the graduations on the micrometer 
drum. 

The principle of reading a vernier type sextant is the same, but the reading is 
made in two steps. Figure 1506b shows a typical altitude setting on this type sex- 
tant. Each degree on the arc of this sextant is graduated into three parts, permitting 
an initial reading by the reference mark on the index arm to the nearest full 20 minutes 
of arc. In this illustration the reference mark lies between 29°40’ and 30°00’, in- 
dicating a reading between these values. The reading for the fraction of 20’ is made 
by means of the vernier, which is engraved on the index arm and has the small refer- 
ence mark as its zero graduation. On this vernier, 40 graduations coincide with 39 
graduations on the arc. Each graduation on the vernier is equivalent to %> of one 
graduation (20’) on the ares ors075:(30")..~ In«the illustration, the vernier graduation 
representing 24% minutes (2’30”) most nearly coincides with one of the graduations 
on the arc. Therefore, the reading is 29°42’30”, or 29°42'5, as before. When a ver- 
nier of this type is used, any doubt as to which mark on the vernier coincides with a 
graduation on the are can usually be resolved by noting the position of the vernier 
mark on each side of the one that seems to be in coincidence. 

Negative readings (as in determining index correction, art. 1603), are made in 
the same manner as positive readings, the various parts being added algebraically 
(art. 06). Thus, if the three parts of a micrometer drum reading are (—)1°, 56’, 
and 0/3, the total reading is (+) 1% 566+s 048: (2827 
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1507. Developing observational skill—A well-constructed marine sextant is 
capable of measuring angles with an instrument error not exceeding 0/1. Lines of 
position from altitudes of this accuracy would not be in error by more than about 200 
yards. However, there are various sources of error, other than instrumental, in alti- 
tudes measured by sextant. One of the principal sources is the observer himself. 
There is probably no single part of his work that the navigator regards with the same 
degree of professional pride as his ability to make good celestial observations. Probably 
none of his other tasks requires the same degree of skill. 

The first fix a student navigator obtains by his observation of celestial bodies is 
likely to be disappointing. Most navigators require a great amount of practice to 
develop the skill needed to make good observations. But practice alone is not sufficient, 
for if a mistake is repeated many times, it will be difficult to eradicate. Early in his 
career a navigator would do well to establish good observational technique—and con- 
tinue to develop it during the remainder of his days as navigator. Many good pointers 
can be obtained from experienced navigators, but it should be remembered that each 
develops his own technique, and a practice that proves highly successful for one ob- 
server may not help another. Also, an experienced navigator is not necessarily 
a good observer, although he may consider himself such. Navigators have a natural 
tendency to judge the accuracy of their observations by the size of the figure formed 
when the lines of position are plotted. Although this is some indication, it is an 
imperfect one, because it does not indicate the errors of individual observations, and 
may not reflect constant errors. Also, it is a compound of a number of errors, some 
of which are not subject to control by the navigator. 

When a student first begins to use the sextant, he can eliminate gross errors of 
principle in its use, and gain some ability in making observations, by accepting the 
coaching of an experienced navigator. By watching the novice make observations, 
the experienced navigator can observe a tendency to hold the instrument incorrectly, 
swing the are improperly, or make other mistakes. When a celestial body is near the 
celestial meridian, the experienced navigator might make an observation and quickly 
transfer the sextant to the inexperienced one, who can see how the sight should appear. 
The two might make simultaneous observations and compare results. At first it is 
well to select bodies of low altitude, if they are available. 

This procedure is helpful in detecting gross mistakes, but since the observations of 
the experienced navigator are not without error, this method is not suitable for final 
polishing of technique. For this purpose, observations should be compared with a 
more exact standard. Lines of position from celestial observations can be compared 
with good positions obtained by electronics or by piloting, if near a shore. Although 
this is good practice and provides a means of checking one’s skill from time to time, 
it does not provide the large number of comparisons in a short time needed if technique 
is to be perfected. 

This can sometimes be accomplished when a vessel is at anchor, or at a pier, if a 
stretch of open horizon is available. In advance, the altitude of a celestial body which 
will be over the open horizon at a time favorable for observation is computed at intervals 
of perhaps eight minutes (change in hour angle of 2°). If the body will be near the 
meridian, a smaller interval should be used. The altitude is determined for the posi- 
tion of the vessel, and all sextant altitude corrections (ch. XVI) are applied with re- 
versed sign. These altitudes are then plotted versus time on cross-section paper, to a 
large scale, and a curve drawn through the points. At the selected time, a large num- 
ber of observations are made at short intervals, allowing only enough time between 
observations for resting the eyes and arms. These observations are then plotted on 
the cross-section paper and compared with the curve. 
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An analysis of the results should be instructive. Erratic results indicate poor 
observational conditions or the need for practice and more care in making observa- 
tions. If the measured altitudes are consistently too great, the sextant may not be 
rocked properly, the condition of tangency of the lower limb of the sun or moon may 
not be judged accurately, a false horizon in the water may have been used, subnormal 
refraction (dip) might be present, the eye might be higher above water than estimated, 
time might be in error, the index correction may have been determined incorrectly, the 
sextant might be out of adjustment, an error may have been made in the computation, 
the horizontal (vertical) may be tilted slightly by nearby mountains, etc. If the 
measured altitudes are consistently too low, the condition of tangency of the upper limb 
of the sun or moon may not be judged accurately, a low cloud may have been used as 
the horizon, abnormal refraction (dip) might be present, height of eye might be lower 
than estimated, time might be in error, the index error may have been determined 
incorrectly, the sextant might be out of adjustment, an error may have been made in 
the computation, the waves or swell at the horizon might be higher than at the ship, the 
horizontal (vertical) may be tilted slightly, a planet or bright star may have been 
placed “tangent” to the horizon rather than centered on the horizon, etc. 

A single test of this type, while instructive, may not be conclusive. Several tests 
should be made with different celestial bodies, at various altitudes, under various con- 
ditions of weather and sea, and at different places. Generally, it is possible and desir- 
able to correct any errors being made in the technique of observation, but occasionally a 
personal error (sometimes called personal equation) will persist. This might be differ- 
ent for the sun and moon than for planets and stars, and might vary with degree of 
fatigue of the observer, and other factors. For this reason, a personal error should be 
applied with caution. However, if a relatively constant personal error persists, and 
experience indicates that observations are improved by applying a correction to remove 
its effect, better results might be obtained by this procedure than by attempting to 
eliminate it from one’s observations. 

When lines of position of great reliability are desired, even an experienced navigator 
can usually improve his results by averaging to reduce random error (art. 2904). A 
number of observations, preferably not less than ten, are made in quick succession. 
These can then be plotted versus time, on cross-section paper, and a curve faired through 
the points. Unless the body is near the celestial meridian, this curve should be very 
nearly a straight line. Any point on the curve can be used as the observation, using 
the time and altitude indicated by the point. It is best to use a point near the middle 
of the line, to avoid possible errors in its slope. 

The slope can be determined by means of H.O. Pub. No. 214, using At, which is 
the change of altitude relative to change in meridian angle (time). Meridian angle 
changes at the rate of 1’ in 4°, Therefore, the change in altitude, in minutes of arc 


per second of time, is equal to At (expressed as minutes of arc) divided by 4°, or ane 


ee ae 0! 
Thus, if At is 0.66, the altitude changes “ee =0: 165 per second, or 15’X0/66=9/9 per 


minute of time, increasing if the body is rising, and decreasing if it is setting. This 
rate may be altered by motion of the ship, the amount being the distance traveled in 
one minute, multiplied by the natural cosine of the relative azimuth of the body. Thus, 
if the speed is 15 knots, the ship moves 0.25 mile per minute. If the body is 30° on the 
bow, the altitude changes 0.25 X0.86603=0/2 per minute due to motion of the ship, in 
addition to its own apparent motion due to rotation of the earth. If the body is for- 
ward of the beam, the effect of the ship’s motion is to increase the altitude; if abaft the 
beam, to decrease it. The total effect is the algebraic sum of the separate effects due to 
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rotation of the earth and motion of the vessel, since rate at the vessel is desired. 
Rapid change of At indicates a curved rate line. If a large number of observations is 
made, the slope of the line should be apparent from the plotted points. 

A somewhat simpler variation is generally available if observations are made at 
equal intervals, unless the body is near the meridian. It is based upon the assumption 
that the change in altitude should be equal for equal intervals of time. A number of 
observations might be made by having an assistant give a warning “stand-by” and 
then a “mark’’ at equal intervals of time, as every ten or 20 seconds. Perhaps a better 
procedure is to make the observations at equal altitude increments. After the first 
observation, the altitude is changed by a set amount according to its rate of change, 
as 5’. The setting is increased if the body is rising, and decreased if it is setting. The 
body is then permitted to cross the horizon by its own motion, and at the instant of 
doing so, the time is noted. If time intervals are constant, the md time and the average 
altitude are used as the observation. If altitude increments are constant, the average 
time and mid altitude are used. An uneven number of observations simplifies the finding 
of the mid value, but with ten observations the finding of the average value is easier. 

If only a small number of observations is available, as three, it is usually prefer- 
able to solve all observations and plot the resulting lines of position, adjusting them to 
acommon time. The average position of the line might be used, but it is generally better 
practice to use the middle line (or a line midway between the two middle ones if there 
are an even number). 

In this discussion of averaging, it has been assumed that all observations are 
considered of nearly equal value. Any observation considered unreliable, either in 
the judgment of the observer or as a result of a plot, should be rejected in finding an 
average. 

1508. Care of the sextant.—The modern marine sextant is a well-built, precision 
instrument capable of rendering many years of reliable service, with minimum at- 
tention. However, its usefulness can easily be impaired by careless handling or 
neglect. If it is ever dropped, it may never again provide reliable information. If 
this occurs, the instrument should be taken to an expert for careful testing and 
inspection. 

When not in use, a sextant should invariably be kept in its case and properly stowed. 
The sextant case should be a well-constructed hardwood box fitted on its exterior with 
a lock, a handle, and two hooks, preferably the type having safety catches. The 
interior of the case should be fitted with blocks in which the handle or legs, or both, are 
placed when the sextant is stowed. Some sextant cases are fitted with catches which 
clamp over the handle when the sextant is stowed, and some are fitted with felt-lmed 
blocks on the inside of the cover, to clamp down on the extreme ends of the are when 
the case is closed. The case should be so constructed that it can be closed with the shade 
glasses and index arm in nearly any normal position, and preferably with the telescope 
in place. The last is particularly valuable to the navigator on an overcast day when 
only one opportunity to observe the sun may present itself, and the sight may have to 
be taken quickly. 

The case itself should be securely stowed in a convenient place away from excessive 
heat, dampness, and vibration. A shelf with built-up sides into which the case fits 
snugly is a good stowage place. The practice of leaving the sextant in its case on a 
chart room settee is a bad one, and the instrument should never be left unattended on 
the chart table. 

To remove the sextant from its case, grasp the frame firmly with the left hand, 
making sure that no pressure is applied to the index arm, and lift the instrument from 
the box. Then take the sextant in the right hand, by its handle, leaving the left hand 
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free to make any adjustments necessary before taking a sight. The instrument should 
never be held by its limb, index arm, or telescope. 

Next to careless handling, the greatest enemy of the sextant is moisture. The 
mirrors, especially, and the arc should be wiped dry after each use. A new sheet 
of plain lens paper is best to use for this purpose, and linen second best. Over a 
period of time, however, linen collects dust, which may contain abrasives that will 
scratch the surface of the mirrors. For this reason, linen, if it is used, should be kept 
in a small bag to protect it from dust in the air. Chamois leather and silk are par- 
ticularly likely to collect abrasive dusts from the air and they should not be used to 
clean the mirrors or telescope lenses. Should the mirrors become particularly dirty, 
they can be cleaned with a small amount of alcohol, applied with a clean piece of lens 
paper. The arc can be cleaned, when necessary, with ammonia, but never with a 
polishing compound. In cleaning or drying the mirrors and arc, care should be taken 
that excessive pressure is not applied to any part of the instrument. 

A small bag of silica gel kept in the sextant case will help in keeping the air in 
the case free from moisture, and will help to preserve the mirrors. Occasionally, the 
silica gel should be heated in an oven to remove the adsorbed moisture. 

The tangent screw and the teeth on the side of the limb should be kept clean and 
lightly oiled, using the oil provided with the sextant. It is good practice to set oc- 
casionally the index arm of an endless tangent screw at one extremity of the limb and 
then to rotate the tangent screw over the length of the arc. This will clean the 
teeth and spread the oil through them. At any time that the sextant is to be stowed for 
a long period, the arc should be protected with a thin coat of petroleum jelly. 

If the mirrors need resilvering, they are best taken to an instrument shop where a 
professional job can be done. However, on rare occasions it may be necessary to re- 
silver the mirrors of a sextant at sea. In anticipation of this possibility, the navigator 
should obtain the necessary materials in advance, as makeshift substitutes cannot be 
relied upon to do the job adequately. The required materials are xylene (available in 
most pharmacies), dilute nitric acid (optional), alcohol, cotton, tin foil about 0.005 inch 
thick, a small amount of mercury, a clean blotter, and some tissue paper. Do not sub- 
stitute aluminum foil commonly used in packaging candy and cigarettes. 

First, remove the protective coating with alcohol (or better, acetone) from the 
back of the mirror to be resilvered, and clean the glass with xylene or acid. If the old 
silvering is difficult to remove, soak it in water. Place the blotter on a flat surface and 
turn up and seal the edges to form a tray. This will serve to contain the mercury if the 
vessel should roll during the operation. Using cotton, clean and smooth out both sides 
of a piece of tin foil slightly larger than the glass to be silvered, first with aleohol and 
then with xylene (do not use acid). Make certain that no lint adheres to the foil, and 
place it on the blotter. Clean the mercury by squeezing it through cheese cloth, and 
apply a drop to the foil. Carefully spread it over the surface with a finger, making sure 
that none of the mercury gets under the foil. Add a few more drops of mercury until 
the entire surface of the foil is covered and tacky. The mercury combines with some of 
the tin to form an amalgam. Place the chemically cleaned glass on a piece of clean 
tissue paper with the side to be silvered face down. Then place the glass and the paper 
on the amalgam. Apply slight pressure to the glass and withdraw the tissue paper. 
Following this, grasp the edge of the tin foil and lift it and the mirror from the blotter. 
Invert the glass and the tin foil and place in an inclined position, silvered side up. Any 
mercury remaining on the blotter is no longer pure and should be disposed of. Five or 
SIX hours later any loose foil may be scraped from the sides of the mirror, and the 
following day a coat of commercial varnish or lacquer should be applied to the silvered 
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surface. Should the mirrored half of the horizon glass require silvering, the clear half 
may be protected by a strip of cellulose or adhesive tape. 

1509. Sextant adjustments.—There are at least seven sources of error in the 
marine sextant, three nonadjustable by the navigator, and four adjustable. 

The nonadjustable errors are: “prismatic error,” “graduation error,” and ‘‘centering 
error.”’ 

The prismatic error is present if the two faces of the shade glasses and mirrors are 
not parallel. Error due to lack of parallelism in the shade glasses may be called shade 
error. Shade error in the shade glasses near the index mirror can be determined 
by comparison of an angle measured when a shade glass is in the line of sight with the 
same angle measured when the glass is not in the line of sight. In this manner, the 
error for each shade glass can be determined and recorded. If shade glasses are used in 
combination, their combined error should be determined separately. If additional 
shading is needed for the observations, use the colored telescope eyepiece cover. This 
does not introduce an error because direct and reflected rays are traveling together 
when they reach it, and are therefore affected equally by any lack of parallelism of its 
two sides. 

Lack of parallelism of the two faces of the index mirror can be detected by care- 
fully measuring a series of angles; then removing the index mirror, inverting it, and 
replacing it; and then measuring the same angles again. Half the difference is the 
prismatic error. After the index mirror has been inverted, it should be checked 
carefully for perpendicularity to the frame of the sextant, as explained below. 

Lack of parallelism of the two faces of the horizon glass will appear as part of the 
index error, and so need not have separate attention. The same is true of prismatic 
error in the shade glasses located near the horizon glass, but unless index error is deter- 
mined with the shade glasses in place, the measured index error will not be the correct 
value for the combined error. 

Graduation errors occur in the arc, micrometer drum, and vernier of a sextant 
which is improperly cut or incorrectly calibrated. Normally, the navigator cannot 
determine whether the arc of a sextant is improperly cut, but the principle of the vernier 
makes it possible to determine the existence of graduation errors in the micrometer 
drum or vernier and is a useful guide in detecting a poorly made instrument. The 
first and last markings on any vernier should align perfectly with one less graduation 
on the adjacent micrometer drum. In figure 1503a, the vernier is graduated in ten 
units. When the zero point is aligned with any graduation on the micrometer drum, 
the “ten” graduation should be in perfect alignment with a micrometer graduation 
nine units greater than the one in line with zero on the vernier. In figure 1503b, the 
vernier is graduated in six units and should align perfectly with any two graduations 
five units apart on the micrometer. 

Centering error results if the index arm is not pivoted at the exact center of 
curvature of the arc. It can be determined by measuring known angles, after the 
adjustable errors have been removed. Horizontal angles can be used by determining 
the accurate value by careful measurement with a theodolite (art. 4004). Several 
readings by both theodolite and sextant should minimize errors. An alternative 
method is to measure angles between the lines of sight to stars, comparing the measured 
angles with computed values. To minimize refraction errors, one should select stars 
at about the same altitude, and avoid stars near the horizon. 

The same shade glasses, if any, used for determining or eliminating index error 
should be used for measuring centering error. The errors determined in this manner 
include any error due to faulty graduation, and prismatic error of the index mirror, 
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unless corrections are applied for these errors. However, since all vary with the angle 
measured, they need not be separated. Usually, it is preferable to make a single 
correction table for all three errors, called instrument error. Customarily, such a table 
is determined by the manufacturer and attached to the inside cover ofthe sextant 
case. The sign of the error is reversed, so that the values given are for instrument 
correction (I). 

The adjustable errors in the sextant are those related to perpendicularity of (1) 
the frame and the index mirror, and (2) the frame and the horizon glass, and parallelism 
of (3) the index mirror and horizon glass to each other at zero setting, and of (4) the 
telescope to the frame. Each of these errors, if it exists, can be removed from the 
sextant by careful adjustment. In making these adjustments, never tighten one adjust- 
ing screw without first loosening the other screw which bears on the same surface. The 
adjustments should be made in the order indicated. 

The first adjustment is for perpendicularity of the index mirror to the frame of 
the sextant. To test for perpendicularity, place the index arm at about 35° on the arc, 


MIRROR LEANING FORWARD 


Figure 1509a.—Testing the perpendicularity of the index mirror. Here the mirror is not 
perpendicular. 


and hold the sextant on its side, with the index mirror “up” and toward the eye. Ob- 
serve the direct and reflected views of the sextant arc, as illustrated in figure 1509a. 
If the two views do not appear to be joined in a straight line, the index mirror is not 
perpendicular. If the reflected image is above the direct view, the mirror is inclined 
forward. If the reflected image is below the direct view, the mirror is inclined back- 
ward. An alternative and sometimes more satisfactory method of determining per- 
pendicularity involves the use of two small vanes, or similar objects, of exactly the 
same height. Figure 1509b illustrates this method. Again the index arm is set at 
about 35°. The vanes are placed upright on the extremities of the limb, in such a 
way that the observer can, by placing his eye near the index mirror, see the direct 
view of one vane and the reflected image of the other. The tops of the objects are 
then observed for alignment. The use of vanes permits observation in the plane of 
adjustment, rather than at an angle. Adjustment is made by means of two screws 
at the back of the index mirror. 

The second adjustment is for perpendicularity of the horizon glass to the frame 
of the sextant. An error resulting from the horizon glass not being perpendicular is 
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FieuRE 1509b.—Alternative method of testing the perpendicularity of the index mirror. Here the 
mirror is perpendicular. 


called side error. To test for perpendicularity, set the index arm at zero and direct 
the line of sight at a star. Then rotate the tangent screw back and forth so that the 
reflected image passes alternately above and below the direct view. If, in changing 
from one position to the other, the reflected image passes directly over the star as seen 
without reflection, no side error exists, but if it passes to one side, the horizon glass is 
not perpendicular to the frame of the sextant. Figure 1509c illustrates observations 
without side error (left) and with side error (right). Whether the sextant reads zero 
when the true and reflected images are in coincidence is immaterial in this test. An 
alternative method is to observe a vertical line, such as one edge of the mast of another 
vessel (or the sextant can be held on its side and the horizon used). If the direct and 
reflected portions do not form a 
continuous line, the horizon glass 
is not perpendicular to the frame 
of the sextant. A third method 
is to hold the sextant vertical, 
as in observing the altitude of a 
celestial body, and bring the re- 
flected image of the horizon into 
coincidence with the direct view, 
so that it appears as a contin- 


uous line across the horizon glass. 


j i Ficure 1509c.—Testing the perpendicularity of the horizon 
“oat a Mae epihingel right as glass. Left, side error does not exist. Right, side error 
left. If the horizon still appears does exist. 


continuous, the horizon glass is 

perpendicular to the frame, but if the reflected portion appears above or below that 
part seen direct, the glass is not perpendicular. Adjustment is made by means of two 
screws near the base of the horizon glass. 

The third adjustment is to make the index mirror and horizon glass parallel when 
the index arm is set exactly at zero. The error which results when the two are not 
parallel is the principal cause of index error, the total error remaining after the four 
adjustments have been made. Index error should be determined each time the sextant 
is used and need not be removed if its value is known accurately. To make the test 
for parallelism of the mirrors, set the instrument at zero, and direct the line of sight 
at the horizon or a star. Side error having been eliminated, the direct view and 
reflected image of the horizon appear as a continuous line, or the star as a single point, 
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if the two mirrors are parallel. If the mirrors are not parallel, the horizon appears 
broken at the edge of the mirrored part of the horizon glass, one part being higher than 
the other. The reflected image of a star appears above or below the star seen without 
reflection. If the star appears as a single point, move the tangent screw a small 
amount to be sure both direct view and reflected image are in the range of vision. 
The sun can be used by noting the reading when the reflected image is tangent to the 
sun as seen direct, first above it and then below. These should be numerically equal 
but of opposite sign (one positive and the other negative). To avoid variations in 
refraction, do not use low altitudes; or turn the sextant on its side and use the two sides 
of the sun. Adjustment is made by two screws near the base of the horizon glass. If 
the error is not to be removed, turn the tangent screw until direct view and reflected 
image of the horizon or a star are in coincidence. The reading of the sextant is the 
index error. It is positive if the reading is “‘on the arc’’ (positive angle), and negative 
if “off the arc” (negative angle). In the case of the sun it is half the numerical difference 
(algebraic sum) of the readings, positive or negative to agree with the larger reading. 
Index correction (IC) is numerically the same as index error, but of opposite sign. 
Since both the second and third adjustments involve the position of the horizon glass, 
it is good practice to recheck for side error after index error has been eliminated. Index 
error should always be checked after adjustment for side error. 

The fourth adjustment is to make the telescope parallel to the frame of the sex- 
tant. If the line of sight through the telescope is not parallel to the plane of the 
instrument, an error of collimation will result, and altitudes will be measured as greater 
than their actual values. To check for parallelism of the telescope, insert it in its 
collar, and observe two stars 90° or more apart, bringing the reflected image of one 
into coincidence with the direct view of the other, near either the right or left edge 
of the field of view (the upper or lower edge if the sextant is horizontal). Then tilt 
the sextant so that the stars appear near the opposite edge. If they remain in coin- 
cidence, the telescope is parallel to the frame, but if they separate, it is not. An 
alternative method is to place the telescope in its collar and then lay the sextant on 
a flat table. Sight along the frame of the sextant and have an assistant place a mark 
on the opposite bulkhead, in line with the frame. Place another mark above the first 
at a distance equal to the distance from the center of the telescope to the frame. This 
second line should be in the center of the field of view of the telescope if the telescope 
is parallel to the frame. Adjustment for nonparallelism is made to the collar, by means 
of the two screws provided for this purpose. 

Determination of any of the errors should be based upon a series of observations, 
rather than a single one. This is particularly true in the case of index error, which 
should be determined by approaching coincidence from opposite directions (up and 
down) on alternate readings. If adjustments are made carefully, and the sextant is 
given proper handling, it should remain in adjustment over a long period of time. 
Unless the navigator has reason to question the accuracy of the adjustments, they 
need not be checked at intervals of less than several months, except in the case of 
index error, which has the greatest effect on accuracy of readings, and should be checked 
each time the sextant is used. If the horizon is used for determining index error, this 
check should be made before evening twilight observations, and after morning twilight 
observations, while the horizon is sharp and distinct. If a star is used, the index 
error should be determined after’ evening observations and before morning sights are 
taken. During the day, it should be checked both before and after observations. 

F requent manipulation of the adjusting screws should be avoided, as it may cause 
excessive wear. Except in the case of index error, slight lack of adjustment has little 
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effect on the results, and should be ignored. If adjustments are needed at frequent 
intervals, the sextant is not receiving proper care, or has worn parts which should be 
replaced at a navigation instrument shop. If index error is not constant, it should 
not be removed, but index correction should be determined before or after every obser- 
vation and applied to the readings, until the sextant can be repaired. A small variable 
error might well be accepted, but should be watched to see that it does not become 
unduly large. 

1510. Selection of a sextant.—For satisfactory results a sextant should be selected 
carefully. For accurate work the radius of the arc should be about 7% inches or more. 
The instrument should be light, but strongly built. The various moving parts should 
fit snugly, but move freely without binding or gritting. If the index arm is either too 
loose or too tight at either end of the arc, the pivot may not be perpendicular to the 
frame of the sextant. The telescope should be easy to insert or remove from its holder, 
and to focus. . 

The use to be made of a sextant should be considered in its selection. For ordinary 
use in measuring altitudes of celestial bodies, an arc of 90° or slightly more is sufficient. 
A longer arc is desirable if back sights are to be made, or if horizontal angles are to be 
measured. If use of the sextant is to be limited to horizontal angles, less accuracy 
is required. The arc can be of smaller radius, and small nonadjustable errors ace 
unimportant. 

If practicable, a sextant should be examined by an expert, and tested for non- 
adjustable errors before acceptance. 

1511. Octants, quintants, and quadrants.—Originally, the term ‘‘sextant’’ was 
applied to the navigator’s double-reflecting, altitude-measuring instrument only if 
its arc was 60° in length—a sixth of a circle—permitting measurement of angles from 0° 
to 120°. In modern usage the term is applied to all navigational altitude-measuring 
instruments, regardless of angular range or principles of operation, although some are 
octants (angular range 90°), some quintants (144°), some quadrants (180°), and many 
have an intermediate range. 

1512. The artificial horizon.—Measurement of altitude requires a horizontal 
reference. In the case of the marine sextant this is commonly provided by the visible 
sea horizon. If this is not clearly visible, reliable altitudes cannot be measured unless 
a different horizontal reference is available. Such a reference is commonly called an 
artificial horizon. If it is attached to, or part of, the sextant, altitudes can be meas- 
ured at sea, on land, or in the air, whenever celestial bodies are available for observa- 
tions. On land, where the visible horizon is not a reliable indication of the horizontal, 
an external artificial horizon can be devised. 

Any horizontal reflecting surface will serve the purpose. A pan of mercury, 
heavy oil, molasses, or other viscous liquid sheltered from the wind is perhaps simplest. 
A piece of plate glass fitting snugly across the top of the container is usually the best 
shelter. If there is any reasonable doubt as to the parallelism of the two sides of the 
glass, two readings should be made with the glass turned 180° in azimuth between 
readings, and the average value taken. The pan and liquid should be clean, as foreign 
material on the surface of the liquid is likely to distort the image and introduce an 
error in the reading. . a 

To use an external artificial horizon, the observer stands or sits in such a position 
that the celestial body to be observed is reflected in the liquid, and is also visible by 
direct view. By means of the sextant, the double-reflected image is brought into co- 
incidence with the image appearing in the liquid. In the case of the sun or moon the 
bottom of the double-reflected image is brought into coincidence with the top of the 
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image in the liquid, if a lower-limb observation is desired. For an upper-limb ob- 
servation, the opposite sides are brought into coincidence. If one image is made to 
cover the other, the observation is of the center of the body. 

When the observation has been made, apply the index correction and any other 
instrumental correction, as well as any correction for personal error. Then take half 
the remaining angle and apply all other corrections except dip (height of eye) cor- 
rection, since this is not applicable. If the center of the sun or moon is observed, omit, 
also, the correction for semidiameter. Chapter XVI explains the various corrections 
and their applications. 

A commercial artificial horizon con- 
sisting of a metal tray, mercury, cover of 
two sloping glass sides held in a metal 
frame, metal bottle to hold the mercury 
when not in use, and a funnel for pouring, 
was at one time a familiar part of a navi- 
gator’s equipment, but the modern naviga- 
tor might experience difficulty in locating 
such a device. 

1513. Artificial-horizon sextants.— 
Shortly after the marine sextant was in- 
vented (art. 124), an attempt was made 
to extend its use to periods of darkness. 
This was done by providing a spirit level 
attachment. The observer brought the 
double-reflected image of the celestial body 
being observed into coincidence with the 
bubble of the spirit level. Such devices 
have been made available from time to 
time, and are still being manufactured. 
However, they have never come into gen- 
eral use, and are of questionable value. 

Charles A. Lindbergh’s historic solo 
flight across the North Atlantic in 1927 
demonstrated the practicability of long 
over-water flights. The development of 
a suitable instrument for observing alti- 
tudes of celestial bodies during darkness 

Figure 15138a.—Modern periscopic sextant. and when the horizon was obscured by 

clouds or haze became a virtual require- 

ment. Various forms of artificial horizon have been used, including a bubble, gyroscope, 

and pendulum. Of these, the bubble has been most widely used. Figure 1513a illus- 

trates a modern periscopic sextant permitting observation with only a small tube 

protruding through the top of the airplane. Figure 1513b shows the optical principle 
of a different type aircraft sextant. 

With an artificial horizon of the bubble or pendulum type, considerable skill is 
needed to make an observation. The image of the horizontal reference (a circle or 
horizontal line) and the celestial body both appear in the field of view, and both may 
seem unsteady. An observation is made by matching the two near the center of the field 
of view. The appearance at coincidence depends upon the instrument. Some bubbles 
appear dark and are placed on a level with the body. Others have a clear center and are 
placed over the body. One pendulum type has a horizontal line that is customarily 
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placed directly across the body, although a limb observation can be made if desired. 
Bubbles can be regulated in size, and the instructions provided with the instrument 
should be followed. In general, the bubble diameter should be about one-sixth to 
one-fourth the size of the field of view. This is about three to four times the size of the 
sun or full moon as seen through the eyepiece. A very small bubble should be avoided 
because it tends to lag sextant movements so much that it is unreliable as a horizontal 
reference. 

A considerable amount of practice is needed to develop skill in making reliable 
observations with an artificial-horizon sextant, even on land or other steady platform. 
At sea or in the air the motions of the craft greatly increase the difficulty of observation. 
In addition to compounding the difficulty of making coincidence, the craft motion 
introduces a sometimes large and rapidly varying acceleration error. That is, motions 
of the craft produce an acceleration on the 
pendulum or the liquid of the bubble cham- 
ber, causing false indication of the hori- 
zontal. In smooth air the accelerations 
tend to follow a cycle of about one to two 
minutes in length. They are largely elimi- 


nated by use of an averaging device. In INDEX PRISM 
making an observation, the observer at- 
tempts to maintain coincidence continu- EYEPIECE EYEPIECE 
ously over a period, usually two minutes. 
The average altitude, generally indicated 
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aging bubble or pendulum sextant can 
measure altitudes to an accuracy of per- 
haps 2’ (two miles). This, of course, refers 
to the pieemeig4 of <bralermbaad only, and Fieure 1513b.—Optical principle of a typical 
does not include additional errors such as bubble sextant 

abnormal refraction, deflection of the verti- 

cal, computational and plotting errors, etc. In steady flight through smooth air the 
error of a two-minute observation is increased to perhaps five to ten miles. At sea, con- 
ditions are different. In a glassy sea with virtually no roll or pitch, results should 
approach those on land. However, with even a slight, gentle roll the accelerations to 
which a vessel is subjected are quite complex, as indicated by the difficulty one not 
accustomed to the sea has in getting his ‘“‘sea legs” during the early part of a voyage. 
If the vessel is yawing, a large Coriolis error (art. 1611) may be introduced. Under 
these conditions observational errors of 10-15 miles are not unreasonable. With a 
moderate sea, errors of 30 miles or more are common. In a heavy sea, any useful 
observations are virtually impossible to obtain. Single altitude observations in a 
moderate sea can be in error by a matter of degrees. 

Because of the difficulty of observing, and the large acceleration errors encountered 
aboard a vessel, bubble and pendulum type sextants have very limited use at sea. A 
submarine on war patrol, surfacing only during darkness, may have use for such an 
instrument. A large number of observations on a reasonably calm night can produce 
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results of some value. However, even under these conditions some navigators report 
better results with a marine sextant and dark-adapted eyes. In pack ice a ship 
generally provides a reasonably steady platform. When the horizon is obscured 
by ice or haze, polar navigators can sometimes obtain better results with an artificial- 
horizon sextant than with a marine sextant. Some artificial-horizon sextants have 
provision for making observations with the natural horizon as a reference, but since 
this is a secondary usage, results are not generally as satisfactory as by marine sextant. 
Because of their more complicated optical systems, and the need for providing a hori- 
zontal reference, artificial-horizon sextants are generally much more costly to manu- 
facture than marine sextants. Designed for use in the air, they serve a useful purpose 
there, but for ordinary use aboard ship they have little to recommend them. 

Altitudes observed by artificial-horizon sextant are subject to the same errors as 
those observed by marine sextant, except that dip (height of eye) correction does not 
apply. Also, when the center of the sun or moon is observed, no correction for semi- 
diameter should be made. Chapter XVI explains the various sextant altitude correc- 
tions and their applications. 

Adjustment of an artificial-horizon sextant should not be attempted by other than 
an instrument man qualified to handle the particular type instrument involved. An 
exception is the adjustment of the size of the bubble. Also, with some instruments 
an easily movable index permits elimination or reduction of index error. This error 
can best be determined in an instrument shop equipped with a collimator. If one 
is not available, the error can be determined by comparing the average of a number 
of observations made at a known point on land with the co mputed values. A precom- 
puted curve of altitude versus time is useful for this purpose. Altitude corrections 
equal to the errors but with reversed sign should be applied to computed altitudes. 
With normal usage, the index error should not change. In most artificial-horizon 
sextants there is no index error. 

The care and operation of various types of instruments vary considerably. The 
instruction booklet provided with each instrument should serve as the guide. Informa- 
tion on certain artificial-horizon sextants, and a general guide to artificial-horizon sextant 
observation, is given in H.O. Pub. No. 216, Air Navigation, and other texts. 

1514. The marine chronometer is a timepiece having a nearly constant rate. 
It is used aboard ship to provide accurate time, primarily for timing celestial observa- 
tions for lines of position, and secondarily for setting the ship’s other timepieces. It 
differs from a watch principally in that it contains a variable lever device to maintain 
even pressure on the mainspring, and a special balance designed to compensate for 
temperature variations. A ship in which celestial navigation is used carries one or 
more chonometers. 

A chronometer is set approximately to Greenwich mean time (GMT) and is not 
reset until the instrument is overhauled and cleaned, usually at three-year intervals. 
Resetting might disturb the rate. Instead, the difference between GMT and chro- 
nometer time (C) is carefully determined, and applied as a correction to all chronometer 
readings. This difference, called chronometer error (CE), is “fast”? (F) if chronometer 
time is later than GMT, and “slow” (S) if earlier. The amount by which chronometer 
error changes in one day is called chronometer rate, or sometimes daily rate, con- 
sidered “gaining” or “losing” as the chronometer is running faster or slower than the 
correct rate. An erratic rate indicates a defective instrument, or need for overhaul. 


The methods of determining and applying chronometer error and chronometer rate 
are explained in chapter XIX. 
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A chronometer is mounted in gimbals in a box, which should be carefully stowed 
to protect the instrument from damage due to heavy rolling and pitching, vibration, 
temperature variations, and electrical and magnetic influences. Usually this is done 
by fitting the box snugly into a heavily padded case suitably located in the chart room 
of merchant ships, and below decks, near the center of motion, in U. S. Navy ships. 

The principal maintenance requirement aboard ship is regular winding at about 
the same time each day. Aboard United States naval vessels this is customarily done 
at about 1130 each morning, and reported to the commanding officer at 1200. Aboard 
merchant ships it is usually wound at about 0800. Although a chronometer is designed 
to run for more than two days, daily winding helps insure a uniform rate, and constitutes 
a daily routine that decreases the possibility of letting the instrument run down. On 
the face of each chronometer is a small dial that indicates the number of hours before 
the chronometer will be run down. To wind the chronometer, gently turn the instru- 
ment on its side, and slide back the guard covering the keyhole. Insert the key and 
carefully wind in a counterclockwise direction. Seven half-turns should suffice. If a 
chronometer should run down, wait until GMT is nearly the same as the time indicated 
before winding. If the chronometer does not start after winding, move the case back 
and forth gently. Check the error and rate carefully. 

At maximum intervals of about three years, a chronometer should be sent to a good 
chronometer repair shop for cleaning and overhaul. When transported by hand, 
a chronometer should be clamped in its gimbals and stowed in the large case provided. 
When shipped, it should be allowed to run down, and the balance secured by a cork 
before the chronometer is stored in the large case. 

Detailed instructions for the care and handling of chronometers are available to 
U. S. Navy ships in the Bureau of Ships Manual and current directives. 

1515. Watches.—In the interest of accuracy, a chronometer is not disturbed more 
than necessary. Celestial observations are timed and ship’s clocks set by means of a 
comparing watch. This is a high-grade pocket watch which is set by comparison with 
a chronometer, and then carried to the place where accurate time is needed. For 
celestial navigation, a comparing watch should have a large sweep-second hand which 
can be set. A comparing watch used for timing celestial observations should preferably 
be set to Greenwich mean time, to avoid the necessity of applying a correction for 
each observation. 

If the second hand cannot be set, the watch should be set to the nearest whole 
minute, being sure that the second hand is in synchronism with the minute hand, and 
the watch error (WE) determined. If a watch is to be used for other purposes than 
timing of celestial observations, it might preferably be set to zone time. A comparing 
watch should be set, or watch error determined, immediately before or after celestial 
observations are made, to avoid the necessity for determining and applying a correction 
for watch rate, and to eliminate a possible error due to an inaccurate or variable rate. 
If a watch set to GMT is used for timing celestial observations, care should be taken to 
avoid a possible error of 12 hours or 24 hours. The mental application of zone descrip- 
tion to ship’s time indicates the approximate GMT and the Greenwich date. The 
subject of time is discussed more fully in chapter XIX. A stop watch may also be 
used for celestial observations. 

Watches rated to sidereal time (art. 1913) can be purchased, but these have limited 
use aboard ship. 

1516. Other instruments.—The sextant, chronometer, and comparing watch (or 
stop watch) are the principal instruments of celestial navigation. The azimuth circle 
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for observing azimuths of celestial bodies is discussed in article 629. Plotting equipment 
is the same as that for dead reckoning (arts. 602-606). A flashlight might be needed 
for reading the sextant and the comparing watch. A pocket notebook is desirable 
for recording predicted positions of celestial bodies if a star finder is used, and for 
recording the observations. A workbook is desirable for solving celestial observations, 
so that a permanent record is available. Work forms are desirable, but should form 
part of the work book, and not be kept separately. These might be provided by rubber 
stamp, or by printing. In the latter case a looseleaf work book may be desirable to 
permit arrangement of the various papers in chronological order. 


CHAPTER XVI 
SEXTANT ALTITUDE CORRECTIONS 


1601. Need for correction.—Altitudes of celestial bodies, obtained aboard ship for 
the purpose of establishing lines of position, are normally measured by a hand-held 
sextant, described in chapter XV. The uncorrected reading of a sextant after such an 
operation is called sextant altitude (hs). If the sextant is in proper adjustment, certain 
sources of error are eliminated, as explained in article 1509. There remains, however, 
a number of sources of error over which the observer has little or no control. For each 
of these he applies a correction. When all of these sextant altitude corrections have 
been applied, the value obtained is the altitude of the center of the celestial body above 
the celestial horizon, for an observer at the center of the earth. This value, called 
observed altitude (Ho), is compared with the computed altitude (Hc) to find the altitude 
difference (a) used in establishing a line of position, as explained in chapter XVII. 

Articles 1602-1620 describe the various corrections. For highly accurate results, 
all of these are needed to the greatest accuracy obtainable. The needs of ordinary 
practical navigation, however, make no such exacting requirements, and in the course 
of his usual day’s work at sea, the navigator has relatively few corrections to apply, 
from conveniently-arranged tables readily accessible to him. The detailed information 
in articles 1602-1620 is given to (1) provide the basis for a better understanding of the 
problem, (2) furnish the information needed for evaluation of results, and (3) provide 
a source of reference material beyond that given in the usual navigation text. 

1602. Instrument correction (I) is the combined correction for nonadjustable 
errors (prismatic error, graduation error, and centering error) of the sextant, as ex- 
plained in article 1509. Usually, this correction is determined by the manufacturer, 
and recorded on a card attached to the inside of the top of the sextant box. It varies 
with the angle, may be either positive or negative, and is applied to all angles measured 
by that instrument. For a well-made instrument, the maximum value is so small that 
this correction can be ignored for all except the most accurate work. Normally, instru- 
ment error of artificial-horizon sextants is so small, considering the precision to which 
angles can be measured by such instruments, that no correction is provided. 

1603. Index correction (IC), due to lack of parallelism of the horizon glass and 
index mirror at zero reading, is discussed in article 1509. Until the adjustment is 
disturbed, the index correction remains constant for all angles, and is applicable to all 
angles measured by the instrument. It may be either positive or negative. Normally, 
artificial-horizon sextants do not have index corrections. Some navigators prefer to 
adjust their marine sextants so as to eliminate index correction. This is good practice 
if one remembers to check the value each time the sextant is used. Other navigators 
prefer to retain an index correction to serve as a reminder to check the values. Since 
dip (art. 1606) at any given height of eye is also a constant for all altitudes, the need 
for applying both IC and dip can be eliminated by adjusting the sextant so that IC is 
numerically equal to dip, but of opposite sign. Such a practice should not be used 
unless the observer has some positive system of reminding himself that the value should 
be checked each time the instrument is used, and changed if the height of eye changes. 
It is of little value if observations are not generally made from the same height of eye. 
If personal correction (art. 1604) is constant, it can also be combined with the index 
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correction. However, it is generally preferable to keep each of these corrections 
separate, to avoid possible error. , 

1604. Personal correction (PC) is numerically the same as personal error (art. 
1507), but of opposite sign, either positive or negative. If experience indicates the 
need for such a correction, it should be made to altitudes of the bodies to which it 
applies. However, the observer should be sensitive to changes in its value. Unless 
the observer has sufficient evidence to be sure of the existence and relative constancy 
of a personal error, no correction should be applied. The possibility of combining 
this correction with dip is explained in article 1603. 

1605. Tilt correction (N).—The altitude of a celestial body is the vertical angle 
above the horizon. The angular distance from the body to any point on the horizon 
other than that vertically below the body is greater than the altitude. Therefore, if 
the frame of a marine sextant is not held vertical during observation, the angle measured 
is too great, and a negative tilt correction is needed. Tables of this correction have 
been prepared, but they are generally not applicable because tilt error can be eliminated 
by rocking the sextant (art. 1505). If this is not done accurately, an error may remain, 
but the observer is not aware of it, and therefore does not know the size of the angle 
of tilt. A “ball recording” artificial-horizon sextant used to some extent during World 
War II measured the tilt angle, and a tilt correction table was provided with the sextant. 
Bubble sextants are kept vertical by centering the bubble. With an artificial horizon, 
there is no tilt error because the celestial body is aligned with its own image. 

Tilt correction increases with greater angle of tilt. For the same angle it also 
increases with greater altitude of the body. There is difference of opinion as to whether 
the value continues to increase after an altitude of 45°, or whether it then begins to 
decrease. This question resolves itself into one of whether the axis of tilt is horizontal 
or in the line of sight to the body. Evidence seems to favor the line of sight axis, with 
the error being maximum at altitude 45°. The correction, if there is one, applies 
equally to all celestial bodies. In rough weather, when observation may be difficult, 
this error can be minimized by observing bodies that are not high in the sky. 

1606. Dip (D) of the horizon is the angle by which the visible horizon (art. 1428) 
differs from the horizontal at the eye of the observer (the sensible horizon, art. 1428). 
Thus, it applies only when the visible horizon is used as a reference, and not when an 
artificial horizon, either internal or external to the sextant, is used. It applies to all 
celestial bodies. If the eye of the observer were at the surface of the earth, visible 
and sensible horizons would coincide, and there would be no dip. This is never the 
situation aboard ship, however, and at any height above the surface, the visible horizon 
is normally below the sensible horizon, as shown in figure 1428b. N ormally, then, an 
altitude measured from the visible horizon is too great, and the correction is negative. 
It increases with greater height of the observer’s eye. Because of this, it is sometimes 
called height of eye correction. 

If there were no atmospheric refraction, dip would be the angle between the 
horizontal at the eye of the observer, and a straight line from this point tangent to 
the surface of the earth. In figure 1606a, the eye of the observer is at A, at some 
point above the surface of the earth. The line AB is the horizontal through A, and AC 
is the tangent through this point. Angle BAC is the dip at A, neglecting refraction. 
Since OA is perpendicular to AB, and OD is perpendicular to AC (art. 030), angle 
AOD is equal to angle BAC (art. O27). If r is the radius of the earth, and fh is the 
height of the observer’s eye above the surface, the cosine of angle AOD is ast 

The line of sight to the horizon, however, passes through the lowest layers of 
the earth’s atmosphere, where the density of the atmosphere normally decreases as 


SEXTANT ALTITUDE CORRECTIONS 423 


A 
h 


Figure 1606a.—Dip without 


raffaction: Figure 1606b.—Dip with refraction. 


height above the surface increases. Consequently, the ray of light from the horizon 
to the observer’s eye is bent by refraction. The result of this terrestrial refraction 
is to increase the distance to the horizon, which is at D’ (fig. 1606b) instead of at D. 
This actual distance, under normal conditions, is given in table 8. Although the 
horizon is farther away than it would be if there were no refraction, it appears higher, 
for the eye of the observer does not detect the curvature of the line of sight. Therefore, 
the horizon appears to be at C’ instead of at C. The dip shown in the tables is BAC’. 
The effect of refraction, C’ AC, is shown exaggerated for purposes of illustration. 

The amount by which refraction alters dip varies with changing atmospheric 
conditions. Even the average value has not been established with certainty, and several 
methods of computing dip have been proposed. The values given in the critical 
table on the inside front cover of the Nautical Almanac were computed by the equation 


D=0.97Vh, 


where D is the dip, in minutes of arc; and h is the height of eye of the observer, in feet. 
Part of this table is repeated on the page facing the inside back cover. The Air 
Almanac table was computed independently by a different method, to a precision of 
whole minutes. The minor discrepancies thus introduced are not important in practical 
navigation. 

The values given in the table are satisfactory for practical navigation under 
most conditions. An investigation by the Carnegie Institution of Washington showed 
that of 5,000 measurements of dip at sea, no value differed from the tabulated value 
by more than 2/5, except for one difference of 10/6. Extreme values of more than 30’ 
have been reported, and even values of several degrees have been encountered in polar 
regions. Greatest variations from tabulated values can be expected in calm weather, 
with large differences between sea and air temperatures, particularly if mirage effects 
are present. Irregularities in the shape of the rising or setting sun may indicate 
abnormal conditions. Large variations may also be present shortly after passage of a 
squall line, when errors of as much as 15’ have been reported. When a temperature 
inversion is known to exist, the tabulated dip may be too small, numerically. The 
effect of sea-air temperature difference is discussed in greater detail in article 1607. 

In the determination of height of eye, position on the ship should be considered, 
and also the condition of loading and trim. If an observation is made from a position 
differing from the usual place, the altered height of eye should not be overlooked. 
Momentary changes due to rolling and pitching can be neutralized, to a large extent, 
by making observations from a point on the center line of the vessel, at the axis of 
pitch. The possibility of combining dip and index corrections is discussed in article 1603. 

Instruments and marine sextant attachments for measurement of dip have been 
devised, but are not generally available to the navigator. However, the sextant can 
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be used without special attachment if it has an arc of sufficient length. The method 
is to measure the “altitude” of the opposite horizon; that is, the angle (through the 
zenith) between the lines of sight to the horizon on reciprocal bearings. This is equal 
to 180° plus the sum of the dip in the two directions. If these can be considered 
equal, and under stable conditions the difference is probably not great, dip is equal to 
half the difference between 180° and the measured angle (corrected as necessary). 
However, direct measurement of an angle greater than 180° cannot be made with an 
ordinary sextant because the reflecting surfaces of the sextant mirrors would have an 
angle of more than 90° with respect to each other, and a ray of light could not be reflected 
from the index mirror to the surface of the horizon glass. Satisfactory results can 
sometimes be obtained by observing the altitude of a body first by facing toward 
it, in the usual manner, and then by facing 180° from it (a back sight, art. 1633). 
In the case of the sun or moon, the same limb should be observed in both directions. 
(It will appear as the opposite limb.) Instrument correction, index correction, and 
personal correction, as applicable, are applied, and the two altitudes added. The 
difference between this value and 180° is the sum of the dip in the two directions, 
if allowance is made for the change of altitude between observations. Unless the 
body is near the celestial meridian, this is best done by taking a direct sight, a back- 
sight, and another direct sight, with equal time intervals between observations. The 
average of the two direct sights is used. 

Since variations from normal dip may be one of the principal sources of error in 
celestial observations, a method of determing dip at sea can be of considerable value. 
If such a method is not available, the observer should be alert to conditions affecting 
terrestrial refraction. Any observation taken within half an hour after passage of 
a squall line should be regarded as unreliable. If dip cannot be measured, the effects 
of abnormal conditions can be minimized by observing three bodies differing in azimuth 
by about 120° (or four bodies by 90°, five bodies by 72°, etc.). If the error is constant 
in all directions, its effect is to increase (or possibly to decrease) the size of the closed 
figure formed by the lines of position without altering the position of its center. Hence, 
the size of the figure is not necessarily an indication of the accuracy of the fix. 

Recent evidence accumulated by the Office of Naval Research indicates that dip 
may fluctuate somewhat erratically over a range of at least several tenths of a minute, 
in addition to the slower changes associated with abnormal conditions. This may be 
caused by irregularities in the atmosphere, producing variations in the refraction. 
This effect cannot be removed either by measurement of dip or by observations of 
bodies equally spaced in azimuth, because the dip is likely to change between observa- 
tions. Over a period of several minutes the variation from the mean value can probably 
be considered a random error (art. 2904) and therefore might be reduced by making 
a large number of observations of a single body, and plotting the results on cross- 
section paper in the manner explained in article 1507. 

If land, another ship, or other obstruction is between the observer and his horizon, 
an altitude can be measured by using the water line of the obstruction as a horizontal 
reference, if its distance from the observer is known. In this case the dip is greater 
than that given in the almanacs. Table 22 gives the values to be used. 

Further discussion of refraction is given in article 1613. When abnormal astro- 
nomical refraction occurs, abnormalities in terrestrial refraction can be expected. 

1607. Sea-air temperature difference correction (S).—Under normal atmospheric 
conditions, the temperature and pressure both decrease at standard rates with increase 
in height above the surface. Accordingly, the density of the atmosphere also decreases 
at a standard rate, which is uniform over the height encountered aboard ship. The 
effect of refraction upon dip, as given in the tables, is based upon this standard rate. 
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Usually, the difference between standard and actual conditions is not great enough to 
introduce important errors in the assumption that standard conditions exist. 

However, when there is a difference between sea and air temperatures at the 
surface, the air in contact with the sea is warmed or cooled by the sea water, upsetting 
the normal rate of decrease near the surface. The effect is greater as the temperature 
difference increases. It may extend only a few inches above the surface, or for hundreds 
of feet. Under extreme conditions, if the air is very much colder than the water, the 
surface may steam. The frost smoke rising from the water may obscure the horizon, 
and under the most severe conditions it may rise to such heights as to interfere with 
visibility. Celestial bodies can be seen, but altitudes cannot be measured with a 
marine sextant because of lack of a horizon. 

Under less extreme conditions, the dip is altered, but observations may seem 
normal. If the water is warmer than the air, the horizon is depressed and dip is 
increased. Under these conditions the measured altitudes are too great. Therefore, 
as a correction to the altitude, the sea-air temperature difference correction is negative 
when the water is warmer than the air. When the air is warmer, the reverse is true, 
and the altitude correction is positive. 

Various attempts have been made to establish a simple relationship between the 
sea-air temperature difference and the correction, but the results reported by different 
investigators differ considerably. This is due, in part, to difference of opinion as to 
the height and depth at which measurements should be made, difficulties in obtaining 
accurate readings near the surface, variations of temperature differences at the ship 
and along the line of sight to the horizon, and influence of the vessel on temperatures 
in its immediate vicinity. Wind, too, has a considerable effect. On a calm day, the 
lower portion of the atmosphere tends to form in layers, without mixing. If there is 
a strong, gusty wind, turbulence in the air minimizes the effect due to temperature 
difference. Actually, sea temperature serves only to indicate temperature at the 
surface, but temperature gradient in the water may be large, as in the air. Therefore, 
the ideal would seem to be the measurement of air temperature at the surface, and at 
some greater height, since it is the abnormal lapse rate (decrease of air temperature 
with height) that produces the change in normal terrestrial refraction. 

Suggested factors based upon difference between temperature of the sea and air 
vary from about 0/11 per degree Fahrenheit (0'20 per degree Celsius) to 0/21 per 
degree Fahrenheit (0/37 per degree Celsius). The average of these is about 0/16 per 
degree Fahrenheit (0/28 per degree Celsius). Thus, the correction is about one-sixth 
of a minute per degree Fahrenheit, or one minute for each six degrees. The methods 
of measuring sea and air temperature are discussed in article 3712. 

This correction applies to all bodies when the sea horizon is used. However, it 
should be used with caution, and only under conditions which indicate that better 
results will be obtained if it is used. Under normal conditions, it is not used. If 
abnormal conditions are suspected, observations are avoided or considered of question- 
able reliability; or the precautions indicated in article 1606 are used. If allowance for 
abnormal conditions is made by using an altered value of dip, as one obtained by 
measurement, the sea-air temperature difference correction is not used. That is, if 
allowance is made for abnormal dip, either the tabulated value of dip is altered or the 
sea-air temperature correction is applied, but not both. 

1608. Wave height correction (W).—Corrections for dip are based upon the as- 
sumption of a calm sea. Waves disturb this condition, causing the surface to be 
alternately raised and lowered. At the horizon, the troughs of waves are usually not 
visible. Through binoculars, irregularities in the line forming the horizon can some- 
times be seen, but observations are made from the tops or nearly the tops of the waves. 
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If it is assumed that the vessel is not raised and lowered by the waves, the line of 
sight to the horizon is raised by waves. Refer to figure 1608. The wavy line repre- 
sents the surface of the sea, with the size of the waves exaggerated. The equivalent 
still water level is shown by the broken line. The line AB is the curved. tangent to 
the still water level, representing the line of sight if there were no waves. The line 
AC represents the actual line of sight to the top of a wave. If the slight curvature 


; : in B. 
of AB and AC is neglected, the tangent of the wave height correction (CAB) is AB’ 


Figure 1608.—Effect of wave height on line of sight to horizon. 


In this case, CB is approximately one-half the wave height, and AB is the distance to 
the horizon, bothin feet. Thatis, ABis the value from table 8 multiplied by 6076.11549 

. . If nautical miles are used, or 5,280 if statute miles are used. The increased height 
of the sea decreases this distance slightly, but the decrease is too small to be a considera- 
tion except at low heights of eye or with very high waves. For waves two feet high, the 
correction is 02 for a height of eye of seven feet. For waves six feet high, the correction 
is 0'3 for a height of eye of 30 feet. For waves 20 feet high, the correction is 1/3 for 
height of eye of 15 feet, 0/9 for 30 feet, and 0/7 for 50 feet. For waves 40 feet high, 
the correction is 2/0 at 30 feet, and 1/1 at 80 feet. 

This correction is always positive, and applies to all celestial bodies, but only if 
the sea horizon is used as a reference. Normally, it is not applied because of the 
difficulty of determining (1) wave height at the horizon, and (2) height of eye above 
the equivalent calm level of the sea. Better practice is usually to estimate height of 
eye above the wave tops, allowing for motions of the vessel, and make no correction. 

1609. Sea tilt correction (H).—The height of the sea at any place is affected by the 
density of the sea water, its temperature, and atmospheric pressure. Because of differ- 
ences in these values, the height varies from place to place. This results in tilting of 
the surface of the sea, which is “downhill” from the ridge of high water to that of low 
water. The maximum tilt due to these causes is probably a little more than 1"5. The 
wave caused by the tides also tilts the sea surface. However, on the open sea, tides 
are seldom more than about two and one-half feet high, and the distance from crest 
to trough is about 5,400 miles, or one-quarter of the great-circle distance around the 
earth. Under these conditions, the maximum tilting of the sea surface due to tides is 
about 07025. This may be increased somewhat by storm waves (art. 3311) or tsunamis 
(art. 3310). In confined waters, particularly in a funnel-shaped area where tides 
enter from the wide end and progress up a narrowing estuary, the error may be very 
much greater, possibly reaching a value of half a minute. The expression tide cor- 
rection may be used instead of “sea tilt correction.” 

The correction is positive in the direction of high water and negative in the direction 
of low water. Between these directions it is equal approximately to the value in these 
directions multiplied by the cosine of the angle between the wave axis (the line per- 
pendicular to the wave front) and the azimuth of the body. It applies equally to all 
bodies when the visible horizon is used as the reference. In practice it is not applied. 
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1610. Deflection of the vertical (V).—Usually, the direction of gravity is assumed 
to be normal (vertical) to the spheroidal surface of the earth. This assumption is not 
quite correct. Irregularities in density and height of the material making up the 
surface crust of the earth result in slight alterations of the direction of gravity. This 
deflection of the vertical is most apparent near high mountains bordering a deep sea 
(fig. 1610) where an extreme value of more than 1/1 might be encountered. An 
experienced geodesist can predict the value with an average error of perhaps 50 percent 


Figure 1610.—Deflection of the vertical. AB is normal to spheroid. AC is normal to 
geoid. Angle BAC is deflection of the vertical. 


of the true value. On land, deflection of the vertical can be measured by carefully 
determining a highly accurate position by celestial observation, called an astronomical 
position (composed of astronomical latitude and astronomical longitude), and com- 
paring this position with one determined by measurement (either by triangulation or 
trilateration) from a ‘‘known”’ position. Deflection of the vertical is always a relative 
value depending upon the position considered ‘known.’ A position expected to be 
relatively free from deflection is usually used as the starting point for a system of 
measurements, and is known as a datum. The North American Datum of 1927, used 
for surveying most of North America, is a station known as Meades Ranch, Kansas. 

It has not been possible to measure deflection of the vertical by means of a single 
observation at sea, due largely to lack of a stable platform and the inability to extend 
triangulation or trilateration to ships at sea, with the required accuracy. However, 
this correction is of interest only when establishing a position relative to a fixed point 
on land, as when a shore-based electronic aid is used. For normal purposes of celestial 
navigation, it is not significant, for it is usually quite small. Moreover, it changes 
gradually from the position of the vessel to the destination, so that as land is approached, 
deflection of the vertical tends to approach the value on shore. 

The shape of the earth, if surface irregularities (mountains, etc.) are neglected, is 
considered a spheroid if deflection of the vertical is neglected, and a geoid if that 
deflection is considered. The surface of the geoid is everywhere perpendicular to the 
direction of gravity. In general, the geoidal surface is higher than the spheroidal 
surface ashore, and lower at sea, as shown in figure 1610. 

Normally, values of deflection of the vertical are not available to the navigator, 
and are not needed by him. In precise work, however, such values for a particular area 
might be furnished. The correction is negative in the direction toward which the 
zenith is deflected, and positive in the opposite direction. In any other direction it is 
equal approximately to the maximum deflection times the cosine of the angle between 
the given direction and the direction of maximum deflection, taking the sign of the 
nearest maximum deflection. It is applicable to all celestial bodies, whether the 
natural sea horizon or an artificial horizon is used. 
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1611. Coriolis correction (Z).—When a body is in motion over the surface of the 
earth, its motion in space is a combination of its motion relative to the earth, and the 
motion of the earth. Because of the rotation of the earth, principally, the path is a 
curved one. As a result, there is an apparent force causing deflection tothe right in 
the northern hemisphere and to the left in the southern hemisphere. Because of this 
Coriolis force, ocean currents set in motion by wind flow in a direction to the right 
(northern hemisphere) of the direction in which the wind blows. Wind, too, is de- 
flected. Instead of blowing directly from an area of high pressure to one of low pres- 
sure, and soon neutralizing the pressure difference, it moves toward one side. The 
result is the characteristic circulation around highs and lows. 

The liquid of the bubble chamber of a bubble sextant, and a pendulum, are similarly 
affected, causing them to give a false indication of the vertical (or horizontal). The 
same is true of an artificial horizon. The equation for the deflection is 


Z=2762 S sin L+0/146 S sin C tan L—5/25 SC’, 


where Z is the Coriolis correction, S the speed over the surface of the earth in units of 
hundreds of knots, L the latitude, C the true course angle, and C’ the rate of change of 
true course angle in degrees per minute. The first term, 2'62 S sin L, corrects for motion 
along a great circle; the second term, 0/146 S? sin C tan L, is an additional correction 
for the difference between motion along a rhumb line, and equivalent motion along a 
great circle; and the third term, 5/25 SC’, is an additional correction for departures 
from the course, being negative (as shown) if the departure is right in the northern 
hemisphere or left in the southern hemisphere. Coriolis corrections (first term only) 
are given on the inside back cover of the Air Almanac. 

Coriolis correction may be either positive or negative, and varies with speed and 
latitude. It applies to all bodies equally, and therefore can be applied to the altitude, 
the assumed position, or even as an adjustment to the plotted line of position or fix. 
If the AP or fix is adjusted, it is moved perpendicular to the course line, to the right in 
the northern hemisphere and to the deft in the southern hemisphere, unless the third 
term is of such magnitude and sign as to make the entire correction negative, when it 
is applied in the opposite direction. If the correction is applied to the altitude, the 
value obtained by formula is multiplied by the sine of the relative azimuth. In the north- 
ern hemisphere, the resulting altitude correction is positive if the celestial body is on 
the starboard side, and negative if on the port side. In the southern hemisphere these 
signs are reversed. These signs assume that the value obtained by the formula is posi- 
tive. If it is negative, all signs are reversed. 

At ship speeds, the Coriolis correction is not large, unless the vessel is yawing con- 
siderably. For a ship steaming at 20 knots on a steady course of 090° at latitude 40°, 
the maximum Coriolis correction is 0'3 for a celestial body which is abeam. Accelera- 
tion error due to rolling and pitching of the vessel is usually much greater than this, 
and is the principal reason why bubble or pendulum sextants are not often used 
aboard ship, as indicated in article 1513. 

There is no Coriolis correction when the visible horizon is the horizontal reference. 

1612. Acceleration correction (C).—If an artificial horizon-sextant with a bubble 
or pendulum is used, the liquid of the bubble chamber or the pendulum is affected 
by all accelerations of the instrument. The same is true of the free surface of the 
liquid of an artificial horizon. With high accelerations such as those due to rolling 
and pitching of a vessel, or changes of course or speed, the error can be very large. 
It is for this reason that such instruments are not customarily used aboard ship. Under 
normal conditions at sea the navigator does not have the information needed to compute 
the correction. The error is minimized by making observations at the center of roll 
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and pitch of the ship, or averaging the values taken at both ends of a roll or pitch. 
Observations should not be made during a turn or when the speed is being changed. 
Even with these precautions the error is usually unacceptably large except with an 
almost flat, calm sea. The effect on the level of the sea surface due to accelerations 
of the earth in its rotation or revolution is considered negligible. 

The correction may be either positive or negative, and applies equally to all 
bodies observed with a bubble or pendulum sextant. 

1613. Refraction (R).—Light, or other radiant energy, is assumed to travel in 
a straight line at uniform speed, if the medium in which it is traveling has uniform 
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Figure 1613a.—No refraction oc- Figure 1613b.—A ray entering a 
curs when light enters denser denser medium at an oblique 
medium normal to the surface. angle is bent toward the normal. 


properties. But if light enters a medium of different properties, particularly if the 
density is different, the speed of light changes somewhat. Light from a single point 
source travels outward in all directions, in an expanding sphere. At great distances, 
a small part of the surface of this sphere can be considered flat, and light continuing to 
emanate from the source can be considered similar to a series of waves, in some re- 
spects resembling the ocean waves encountered at sea. If these light ‘waves’ enter 
a more dense medium, as when they pass from air into water, the speed decreases. 
If the light is traveling in a direction perpendicular to the surface separating the two 
media (in this case vertically downward), all parts of each wave front enter the new 
medium at the same time, and so all parts change speed together, as shown in figure 
1613a. But if the light enters the more dense medium at an oblique angle, as shown 
in figure 1613b, the change in speed occurs progressively along the wave front as the 
different parts enter the more dense medium. This results in a change in the di- 
rection of travel, asshown. This change in direction of motion is called refraction. If light 
enters a more dense medium, it is refracted toward the normal (NN’), as in figure 1613b. 
If it enters a less dense medium, it is refracted away from the normal, as light traveling 
in the opposite direction to that shown in figure 1613b. 

The amount of the change in direction is directly proportional to the angle between 
the direction of travel and the normal (angle ABN in figure 1613b). The ratio of this 
angle to the similar angle after refraction takes place (angle CBN’ in figure 1613b) 
is constant, so that as one increases, the other increases at the same rate. Hence, 
the difference between them (the change in direction) also increases at the same rate. 
Therefore, if the incident ray (AB) is nearly parallel to the surface at which refraction 
takes place, relatively large amounts of refraction occur. 

The amount of refraction is also directly proportional to the relative speed of travel 
in the two media. Various substances are compared by means of a number called the 
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index of refraction (u), which depends primarily upon the density of the substance. 
In figure 1613b, angle ABN is called the angle of incidence (¢) and angle OBN’ 
the angle of refraction (6). These are related by Snell’s law, which states that the 
sines of the angle of incidence and angle of refraction are inversely proportional to the 
indices of refraction of the substances in which they occur. Thus, if »; is the index of 
refraction of the substance in which ¢ occurs, and uz is the index of refraction of the 
substance in which 6 occurs 

sin ¢ | Be. 

sin 6 gy 

If the index of refraction changes suddenly, as along the surface separating water 
and air (as shown in fig. 1613b), the change in direction is equally sudden. However, 
if a ray of light travels through a medium of gradually changing index of refraction, 
its path is curved, undergoing increased refraction as the index of refraction continues 
to change. This is the situation in the earth’s atmosphere, which generally decreases in 
density with increased height. The gradual change of direction occurring there is 
called atmospheric refraction. The bending of a ray of light traveling from a point 
on or near the surface of the earth, to the eye of the observer, is called terrestrial 
refraction. This affects dip of the horizon, as discussed in article 1606. A ray of 
light entering the atmosphere from outside, as from a star, undergoes a similar bending 
called astronomical refraction. 

The effect of astronomical refraction is to make a celestial body appear higher 
in the sky than it otherwise would, as shown in figure 1613c. Ifa body is in the zenith, 
its light is not refracted, except for a very slight amount when the various layers of 
the atmosphere are not exactly horizontal. As the zenith distance increases, the re- 
fraction becomes greater. At an altitude of 20° it is about 2:6-at 10°) StS ato = 
99; and at the horizon, 34/5. A table of refraction is given on the inside front cover 
and facing page of the Nautical Almanac, in the columns headed “Stars and Planets.” 
As height above the surface of the earth increases, light from an outside source travels 

through less of the atmosphere, 
»” Apparent Position and refraction decreases. At 
v4 shipboard heights the difference 


ak is negligible, but at aircraft 


it petal Fesition,  heichts the change is a consid- 
A eration. Therefore, the table 
ital. given on the inside back cover 


of the Air Almanac is a double- 
entry table. 

The values given in the 
tables are for average condi- 
tions. This is called mean 

Figure 1613c.—Astronomical refraction. refraction. <A considerable 
amount of research has been con- 

ducted to determine the mean values, the conditions under which values differ from 
the mean, and the amount of such differences. A number of different mean refraction 
tables have been produced. Values in the various tables differ slightly because of dif- 
ferent assumptions, different. methods of observation, and different observed results 
under apparently similar conditions. This last source of difference is due primarily to 
the fact that conditions could be determined at the position of the observer, but not 
at various points along the line traveled by the ray of light in passing through the 
atmosphere. Nevertheless, the various tables agree very well down to a minimum 
altitude of 2°. Below this, the refraction is erratic, and differences between values 


\ 
. 
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in the various tables are not as important as differences between mean and instan- 
taneous values. The values given in the almanac tables are in excellent agreement with 
those actually measured. 

Because of their variability, refraction and dip (also affected by refraction) are 
the principal uncertainties in the accuracy of celestial observations of a careful observer. 
As a result of this uncertainty, navigators formerly avoided all observations below some 
arbitrary altitude, usually 15°. While this is still good practice if higher bodies are 
available, the growing knowledge of atmospheric refraction has increased the confi- 
dence with which navigators can use low-altitude sights. There is little reason for lack 
of confidence in sights as low as 5°. Below this, other available corrections should be 
applied (art. 1632). If altitudes below 2° are used, larger probable errors should be 
anticipated, even with the use of additional corrections. Generally, the error in tabu- 
lated refraction should not exceed two or three minutes, even at the horizon. However, 
a knowledge of conditions affecting refraction is helpful in determining the confidence 
to be placed in such observations. Since refraction elevates both the celestial body and 
the visible horizon, the error due to abnormal refraction is minimized if the visible 
horizon is used as a reference. 

The atmosphere contains many irregularities which are erratic in their influence 
upon refraction. Normally, the navigator has not the information needed to correct 
for such conditions, but only to recognize their existence. As indicated in article 1606, 
observations made within half an hour after passage of a squall might be considerably 
in error. The passage of any front might have a similar effect. A temperature inver- 
sion (art. 3815) may upset normal refraction. Abnormal values may be expected when 
there is a large difference between the temperature of the sea and air. With an absence 
of wind, the air tends to form in layers. When this condition becomes extreme, mirage 
effects occur. Sometimes the rising or setting sun or moon appears distorted. Multiple 
horizons may appear, and other ships or islands may seem to float a short distance 
above the water. Under any such conditions large errors inrefraction might be encountered. 

Conditions causing abnormal refraction can be expected to occur with considerable 
frequency in the vicinity of the Grand Banks, along the west coast of Africa from 
Mogador to Cap Blanc and from the Congo to the Cape of Good Hope, in the Red Sea 
and the Persian Gulf, and over ice-free water in polar regions. Abnormal refraction 
may be encountered when offshore winds blow from high, snow-covered mountains to 
nearby tropical seas, as along the west coast of South America; where cold water from 
large rivers such as the Mississippi flows into warm sea water; when a strong current 
flows past a bay or coast, causing colder water to be drawn to the surface, as in the Bay 
of Rio de Janeiro and Santos, and along the Atlantic coast of Africa between Cape 
Palmas and Cape Three Points during the time of the southwest monsoon; and along 
the east coast of Africa in the vicinity of Capo Guardafui during the summer. In the 
temperate zones abnormal refraction is most common during the spring and summer. 

Of the more systematic errors which affect refraction, two can be evaluated, and 
corrections applied. These are for air temperature (art. 1614) and atmospheric pres- 
sure (art. 1615). However, these corrections are based upon assumed standard gradients 
(changes) with height. Temperature gradients are known to vary with type of weather, 
time of day, season, etc., as well as in a more irregular manner. The various layers of 
the atmosphere are assumed to be horizontal to the surface, but this is not always the 
situation. When they tilt, refraction changes. No correction for this cause is available. 

Humidity has a relatively slight effect on refraction. In completely dry air, 
astronomical refraction at the horizon (sometimes called horizontal refraction) is 
perhaps 0/1 greater than the tabulated value. 1n very moist air, sometimes encountered 
in the tropics, the maximum refraction might possibly decrease by as much as 0/2. 
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Wind speed is believed to have some effect upon refraction and dip. Apparently, 
refraction increases as wind speed becomes greater, the amount of change increasing 
in direct proportion to the square of the wind speed. At 20 knots the change is believed 
to be about 0‘1 at the horizon, and 0715 at altitude 2°. At 30 knots these values are 
approximately doubled. 

Latitude has a slight effect upon refraction because of the decrease in the radius 
of the earth and the increase of gravity as latitude increases. Both radius and gravity 
affect density of the atmosphere, and hence refraction. Because of this, mean horizontal 
refraction is decreased about 0/2 to 0/3 at the equator, and increased about an equal 
amount at the poles. For normal altitudes the change is negligible. 

Azimuth may have an effect at some locations. The reason for this is not entirely 
clear, but is believed to be due to a somewhat permanent tilt of certain atmospheric 
layers. A series of observations at a location in Germany indicated a difference of as 
much as 0/5 between northerly and southerly observations of 0° altitude. At altitude 2° 
the difference was only 3”. The navigator normally does not have information required 
to apply such a correction, nor is it of navigational significance at normal altitudes. 
However, differences should be anticipated when the appearance of the horizon varies 
with azimuth, or large sea temperature differences exist within a few miles, as near the 
edge of the Gulf Stream. The same might be true near land, particularly in the tropics. 

Dispersion of light of various colors results in light from blue stars being refracted 
more than light from red stars. At the horizon the maximum correction would be 
about 2” for blue stars, and 8” for red stars. At 5° the amount would be less than one- 
third these values. 

Errors in the tables due to incorrect assumptions are probably too small to be of 
practical interest to the navigator. If increased knowledge indicates errors exist in 
the tables, corrected values will undoubtedly be provided. 

Since refraction causes celestial bodies to appear elevated in the sky, they are 
above the horizon longer than they otherwise would be. The mean diameter of the 
sun and moon are each about 32’, and horizontal refraction is 34/5. Therefore, the 
entire sun or moon is actually below the visible horizon when the lower limb appears 
tangent to the horizon. The effect of dip is to further increase the time above the 
horizon. Near the horizon the sun and moon appear flattened because of the rapid 
change of refraction with altitude, the lower limb being raised by refraction to a greater 
extent than the upper limb. 

As a correction to sextant altitudes, refraction is negative because it causes the 
measured altitude to be too great. It decreases with increased altitude, and applies to 
all celestial bodies, regardless of sextant or horizon used. 

1614. Air temperature correction (T).—The Nautical Almanac refraction table is 
based upon an air temperature of 50°F (10°C) at the surface of the earth. At other 
temperatures the refraction differs somewhat, becoming greater at lower temperatures, 
and less at higher temperatures. Table 23 provides the correction to be applied to 
the altitude to correct for this condition. If preferred, this correction can be applied 
with reversed sign to the refraction from the almanac, and a single refraction applied to 
the altitude. A combined correction for nonstandard air temperature and nonstandard 
atmospheric pressure (art. 1615) is given on page A4 of the Nautical Almanac. The 
correction for air temperature varies with the temperature of the air and the altitude 
of the celestial body, and applies to all celestial bodies, regardless of the method of 
observation. However, except for extreme temperatures or low altitudes, this correc- 
tion is not usually applied unless results of unusual accuracy are desired. 

1615. Atmospheric pressure correction (B).—The Nautical Almanac refraction 
table is based upon an atmospheric pressure of 29.83 inches of mercury (1010 millibars) 
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at sea level. At other pressures the refraction differs, becoming greater as pressure in- 
creases, and smaller as it decreases. Table 24 provides the correction to be applied to 
the altitude for this condition. A combined correction for nonstandard air tempera- 
ture (art. 1614) and nonstandard atmospheric pressure is given on page A4 of the 
Nautical Almanac. If the correction is to be applied to the refraction, reverse the 
sign. ‘This correction varies with atmospheric pressure and altitude of the celestial 
body, and is applicable to all celestial bodies, regardless of the method of observation. 
However, except for extreme pressures or low altitudes, this correction is not usually 
applied unless results of unusual accuracy are desired. 

1616. Irradiation correction (J).—When a bright surface is adjacent to a darker 
one, an optical illusion takes place and the bright area appears to be larger than 
is actually the case. This is called irradiation. Thus, when the sky is considerably 
brighter than the water, the horizon appears slightly depressed. The apparent diameter 
of the sun is increased slightly by irradiation, and the bright stars appear to have a 
measurable diameter. Opinions differ on the need for a sextant altitude correction for 
radiation. It is probable that during twilight there is insufficient contrast between 
sky and water to warrant the use of a correction. During the day a slight apparent 
depression of the horizon may occur. Altitudes of the lower limb of the sun should 
not be altered because the irradiation effect of sun and horizon are in the same direction 
and cancel out, approximately. The effect on the upper limb, however, is opposite to 
that on the horizon. The table of upper limb corrections of the sun given on the 
inside front cover and facing page of the Nautical Almanac includes an irradiation cor- 
rection of (—)1/2, half for the apparent lowering of the horizon, and half for the 
apparent raising of the upper limb. No irradiation correction is given for bc dies other 
than the sun. Thus, in terms of available corrections, irradiation is negative, is essen- 
tially constant, and applies only to the upper limb of the sun when the visible horizon 
is used as the reference. If an artificial horizon is used, it applies to either limb. 

1617. Semidiameter (SD) of a celestial body is half the angle, at the observer’s 
eye, subtended by the visible disk of the body. The position of the lower or upper 
limb of the sun or moon with respect to the visible horizon can be judged with greater 
precision than that of the center of the body. For this reason it is customary, when 
using a marine sextant and the visible horizon, to observe one of the limbs of these two 
bodies, and apply a correction for semidiameter. Normally, the lower limb is used if 
it is visible. In the case of a gibbous or crescent moon, however, only the upper limb 
may be available. 

The semidiameter of the sun varies from a little less than 15‘8 early in July, when 
the earth is at its greatest distance from the sun, to nearly 16/3 early in January, when 
the earth is nearest the sun. In the Nautical Almanac the semidiameter of the sun at 
GMT 12" on the middle day of each page opening of the daily page section is given to 
the nearest 0/1 at the bottom of the sun’s GHA column. The altitude correction tables 
of the sun, given on the inside front cover and facing page, are divided into two parts, 
to be used during different periods of the year. The mean semidiameter of each period 
is included in the tables of both upper and lower limb corrections. The semidiameter 
each day is listed to the nearest 0”01 in the American Ephemeris and Nautical Almanac. 
In the Air Almanac the semidiameter to the nearest whole minute (always 16’) is given 
near the lower right-hand corner of each odd-numbered daily page. 

The moon undergoes a similar change in semidiameter as its distance from the 
earth varies. However, because of the greater eccentricity of the moon’s orbit than 
that of earth, the variation in semidiameter is also greater, varying between about 
14’7 and 16/8. The variation is more rapid, partly because of the greater spread of 
values, but principally because the moon completes its revolution in approximately 
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one month, while the earth makes one revolution per year. In the Nautical Almanac, 
semidiameter of the moon at 12” each day is given to the nearest 0/1 at the bottom of 
the moon data columns. The correction for semidiameter of the moon is included in 
the corrections given on the inside back cover and facing page. In the Air Almanac, 
semidiameter is given to the nearest whole minute, being shown on the daily pages, 
immediately below the value for the sun. The semidiameter at intervals of half a day 
is given to the nearest 0701 in the American Ephemeris and Nautical Almanac. 

The navigational planets have small semidiameters. For Venus it varies between 
about 5” and 32”; for Mars, 2”7 to 12"6; for Jupiter, 16” to 25”; and for Saturn, 7” 
to 10”. The value for any date is given in the American Ephemeris and Nautical 
Almanac, but not in the Nautical Almanac or Air Almanac because the apparent centers 
of these bodies are customarily observed. 

Stars have no measurable semidiameter. 

The computed altitude of a body refers to the center of that body, since the coordi- 
nates listed in the almanacs are for the center. If the lower limb is observed, the sextant 
altitude is less than the altitude of the center of the body, and hence the correction is 
positive. If the wpper limb is observed, the correction is negatwe. The correction 
does not apply when the center of the body is observed, which is usually the case when 
an artificial-horizon sextant is used. With a marine sextant and either the natural or 
an artificial horizon, semidiameter is customarily applied to observations of the sun 
and moon, but not other celestial bodies. 

1618. Phase correction (F).—Because of phase (art. 1423), the actual centers of 
planets and the moon may differ somewhat from the apparent centers. Average cor- 
rections fr this difference are included in the additional corrections for Venus and 
Mars given on the inside front cover of the Nautical Almanac. They should be applied 
only when these bodies are observed during twilight. At other times the magnitude 
and even the sign of the correction might differ from those tabulated, because of a 
different relationship between the body and the horizon. The phase correction for 
navigational planets other than Venus and Mars is too small to be significant. 

A phase correction may apply to observations of the moon if the apparent center 
of the body is observed, as with an artificial-horizon sextant. However, no provision 
is made for a correction in this case; the need for it can be avoided by observing one of 
the limbs of the body. 

Phase correction does not apply to observations of the sun or stars. 

1619. Augmentation (A).—As indicated in article 1617, semidiameter changes 
with distance of the celestial body from the observer, becoming greater as the distance 
decreases. The semidiameter given in the ephemeris and used in the almanacs is 
for a fictitious observer at the center of the earth. If the celestial body is on the actual 
observer’s horizon, its distance is approximately the same as from the center of the 
earth; but if the body is in the zenith, its distance is less by about the radius of the 
earth (fig. 1412). Therefore, the semidiameter mereases as the altitude becomes 
greater. This increase is called augmentation. For the moon, the augmentation 
from horizon to zenith is about 0/3 at the mean distance of the moon. At perigee 
it is about 2” greater, and at apogee about 2” less. Augmentation of the sun from 
horizon to zenith is about 1 /24 of one second of arc. For planets it is correspondingly 
small, varying with the positions of the planets and the earth in their orbits. At any 
altitude the augmentation is equal to the sine of the altitude times the value at the zenith. 

Augmentation increases the size of the semidiameter correction, whether positive 
or negative. It is included in the moon correction tables on the inside back cover and 
facing page of the Nautical Almanac. It is not included in the correction tables of 
other bodies or in the Air Almanac tables. 
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1620. Parallax (P) is the difference in apparent position of a point as viewed 
from two different places. If a finger is held upright at arm’s length and the right 
and left eyes closed alternately, the finger appears to move right and left a short. dis- 
tance. Similarly, if one of the nearer stars were observed from the earth and from 
the sun, it would appear to change slightly with respect to the background of more 
distant stars. This is called heliocentric parallax or stellar parallax. The nearest 
star has a parallax of less than 1”. Even if the value were greater, no correction to 
sextant altitudes would be needed, for the 
difference would be reflected in the tabulated ff 
position of the body. 

However, positions of celestial bodies 
are given relative to the center of the earth, 
while observations are made from its sur- 
face. The difference in apparent position 
from these two points is called geocentric fo 


parallax. If a body is in the zenith, at Z 

in figure 1620, there is virtually no parallax, 

for the line from the body to the center of : 
the earth passes approximately through the 
observer at A. Suppose, however, the moon x 
is at M. From A it appears to be along the 

line AM, while at the center of the earth it Figure 1620.—Geocentric parallax. 
would appear to be along OM. The altitude 

at A would be the angle SAM, and that at 0 the angle COM. Angle COM is equal 
to angle SBM (art. 027), which is exterior to the triangle ABM, and hence equal to 
the sum of angles SAM and AMO (art. 028). 


Since 

ZCOM= ZSBM= ZSAM-+ ZAMO, 
then 

ZAMO= ZCOM— ZSAM. 


That is, the angle at the body between lines to the observer and the center of the 
earth is equal to the difference in altitude at the two places. Angle AMO is the geo- 
centric parallax. Since it varies with altitude, it is sometimes called parallax in alti- 
tude (P in A). The maximum value for a visible body occurs when that body is on 
the horizon, at S. At this position the value is called horizontal parallax (HP). 

The sine of horizontal parallax is equal to a where r is the radius of the earth, 
and D the distance of the body from the center of the earth. Thus, the sine of the 
horizontal parallax is directly proportional to the radius of the earth, and inversely 
proportional to the distance of the body. Since the earth is an oblate spheroid, and 
not a sphere, the parallax varies slightly over different parts of the earth. The value 
at the equator, called equatorial horizontal parallax, is greatest, and the value at the 
poles, called polar horizontal parallax, is least. The difference is not enough to be of 
practical navigational significance. The parallax in altitude is equal almost exactly to 
the horizontal parallax times the cosine of the altitude (h). That is, 


P in A=HP cos hb. 


The moon, being nearest the earth, has the greatest parallax of any celestial body 
used for navigation. The equatorial horizontal parallax at mean distance is 57’02°70. 
As the distance of the moon varies, so does the parallax, becoming greater as the moon 
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approaches closer to the earth, and less as it recedes, horizontal parallax varying several 
minutes each side of the value at mean distance. For the sun, mean equatorial hori- 
zontal parallax, called solar parallax, is 8780. Differences in position on the earth, and 
distance from the sun, have small effect, the maximum variation due to the latter being 
about 0715. Horizontal parallax of the planets varies considerably because of the large 
differences in their distances from the earth. For Venus the value varies between 5” 
and 32”; for Mars, 3” and 24”; for Jupiter, 1” and 2”; and for Saturn, 0”8 and 170. 
The geocentric parallax of stars is too small to be measured, even by the most precise 
telescopes, since the value for the nearest star is only 0700003. 

Daily values of horizontal parallax for the sun, moon, and planets are given in the 
Ameriwan Ephemeris and Nautical Almanac, to a precision of 0”01. In the Nautical 
Almanac, mean values for the sun are included in the two sun correction tables given on 
the inside front cover and facing page. Horizontal parallax of the moon is tabulated at 
intervals of one hour on the daily pages. This value is used to enter the lower part of 
the moon correction tables on the inside back cover and facing page. The additional 
corrections for Venus and Mars given on the inside front cover are partly for parallax. 
No correction is given for parallax of Jupiter and Saturn. The Air Almanac, giving 
values only to the nearest whole minute of arc, includes parallax corrections only 
forthe moon. These values are given in the ‘“Moon’s P in A” column on the right-hand 
daily page. 

Because of geocentric parallax, a body appears too low in the sky. Therefore, 
the correction is always positive. It applies regardless of the method of observation. 

1621. Summary of corrections.—The essential information regarding the ap- 
plication of the various corrections may be tabulated as shown below. In the ‘‘Bodies”’ 
column, the symbols are: ©, sun; €, moon; P, planets; yx, stars. In the “Sextants” 
column, M refers to a marine sextant with visible horizon, A refers to a marine sextant 
with artificial horizon, and B refers to an artificial-horizon sextant. The tabulation 
assumes that completely accurate results are desired and that corrections are to be made 
in the usual manner, where they are available. Some of the entries need qualification, 
which may be found in the preceding articles. 


Correction Symbol Sign Increases with Bodies Sextants Source 
Instrument I + changing altitude ©, C€,P, % M,A,B © sextant box 
Index IC + constant ©, C, P, % M, A,B measurement 
Personal PC + _— constant ©, Cc, P, *% M,A,B_ measurement 
Tilt N — greater tilt angle Ons Fy yen ul computation 
Dip D — higher height of eye ©, Grr eM almanacs 
Sea-air temp. diff. N) + greater temp. diff. OR G@AP ea eM computation 
Wave height Ww + higher waves Ori Gabe sce computation 
Sea tilt H + greater tilt of surface OnGHEe, sci computation 
Deflection of vert. W + position, azimuth ©, C, P, % M,A,B — geodesist 
Coriolis Z + higher lat., greaterspeed ©, C, P, % A,B Air Almanac 
Acceleration C + greater acceleration ONG Ewa AN B computation 
Refraction R — lower altitude ©, C, P, % M, A,B almanacs 
Air temp. Th + greater diff. from 50°F ©, €,P, % M,A,B almanacs, 

table 23 
Atmospheric B + greater diff. from 29.83 ©, €, P, % M, A,B Nautical 
pressure inches of mercury Almanac, 
table 24 
Irradiation J — constant (0) M, A Nautical 
Almanac 
Semidiameter SD + _ lesser dist. from earth ©, C M,A almanacs 
Phase F + phase 12 M, A,B Nautical 
Almanac 
Augmentation A + higher altitude € M, A Nautical 
Almanac 
Parallax BP + lower altitude OG EP. M, A, B_ almanacs 


- 
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These corrections can be considered to fall into five groups: 

1. Corrections for inaccuracies in reading. Instrument correction, index correc- 
tion*, personal correction, and tilt correction. 

2. Corrections for inaccuracies in reference level. Dip*, sea-air temperature differ- 
ence, wave height, sea tilt, deflection of the vertical, Coriolis, acceleration. 

3. Corrections for bending of ray of light from body. Refraction*, air temperature, 
atmospheric pressure. 

4. Adjustment to equivalent reading at center of body. Irradiation, semidiameter”*, 
phase, augmentation. 

5. Adjustment to equivalent reading at center of earth. Parallax*. 

In the ordinary practice of seamen, extreme accuracy is not required, and only 
the principal correction of each group is applied (except that irradiation is applied for 
the upper limb of the sun, and augmentation for the moon). These principal correc- 
tions are indicated by asterisks. For low altitudes, additional corrections are applied, 
as indicated in article 1632. 

1622. Order of applying corrections.—For purposes of ordinary navigation, sex- 
tant altitudes can be applied in any order desired, using sextant altitude for the enter- 
ing argument whenever altitude is required. This practice is not strictly accurate, 
but for altitudes usually observed, the error thus introduced is too small to be of 
practical significance. When extreme accuracy is desired, however, or at low altitudes, 
where small changes in altitude result in significant changes in correction, the order 
of applying corrections is important. Corrections from the first two groups of article 
1621 are applied to sextant altitude (hs) to obtain rectified altitude (hr), called ‘“ap- 
parent altitude” by astronomers, which is then used as an entering argument for obtain- 
ing corrections of the third group. For strictest accuracy, all corrections of the first 
three groups and, in addition, irradiation and semidiameter, should be applied before 
augmentation, and all other corrections before parallax. 

1623. Marine sextant corrections.—As shown in the tabulation of article 1621, 
all corrections except Coriolis and acceleration apply to marine sextant observations 
when the visible horizon is used. Of the five corrections ordinarily used, index cor- 
rection can be eliminated by sextant adjustment (art. 1509), or it can be combined 
with dip in such manner as to eliminate both (art. 1603). Of the remaining three 
corrections, only refraction and parallax apply to planets; and only refraction applies 
to stars. 

1624. Artificial-horizon corrections.—When an artificial horizon is used, index 
correction (and any others of the first group of article 1621) is first applied. The 
result is then divided by two. Other corrections are then applied to the result, as 
applicable, in the same manner as for observations using the visible horizon. The 
sun and full moon are normally observed by bringing the lower limb of one image 
tangent to the upper limb of the other image. The lower limb is observed if the 
image seen in the horizon mirror is above the image seen in the artificial horizon, unless 
an inverting telescope is used, when the opposite relationship holds. With a gibbous 
or crescent moon, judgment may be needed to establish the positions of the limbs. 
In some cases better results may be obtained by superimposing one image over the 
other, as with a planet or star. When this is done, the center of the body has been 
observed, and no correction is applied for semidiameter (or irradiation, phase, or aug- 
mentation). If the lower limb of the sun is observed, an irradiation correction of (+) 
1/2 may be applicable, if experience so indicates. There is no correction for dip (or 
sea-air temperature or wave height) when an artificial horizon is used. 

1625. Artificial-horizon sextant corrections are the same as those for observations 
made by the use of the visible horizon, with two notable exceptions. First, there is 
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no correction for dip (or sea-air temperature difference or wave height), none for semi- 
diameter (or irradiation, phase, or augmentation), and usually none for index correc- 
tion (or instrument correction). Second, because of the lower accuracy normally obtain- 
able by artificial-horizon sextant, corrections are normally made only to-the nearest 
whole minute of arc. As a result of these differences, refraction is the only correction 
normally applied, except in the case of the moon, where parallax is also applied. 
Many air navigators, principal users of artificial-horizon sextants, avoid altitudes 
below 20° and accept the error introduced by refraction, so that no correction is needed. 
As flight altitudes increase, the error thus introduced becomes correspondingly smaller. 
However, at modern aircraft speeds, Coriolis correction is of increased importance. 

1626. Corrections by American Nautical Almanac.—In the Nautical Almanac, 
certain corrections or parts of corrections are combined. Index correction, of course, 
is not included because this depends upon adjustment of the sextant. The various 
correction tables are as follows: 

“Sun,” on the inside front cover and facing page, gives mean refraction, mean 
semidiameter for each of two periods during the year, and mean solar parallax. Irradia- 
tion is also included in the upper limb corrections, given in separate columns from lower 
limb corrections. The table on the inside front cover, and repeated on the loose book- 
mark, is of the critical type, with altitude as the entering value. Thus, a tabulated 
correction applies to any value of altitude between that given half a line above it and 
that half a line below it. If an exact tabulated altitude is used to enter the table, the 
correction half a line above it should be used. In ordinary navigation, index correction, 
dip, and the correction from this table are needed for correcting marine sextant observa- 
tions of the sun. For low altitudes or extremes of temperature or atmospheric pressure, 
a correction from the table on almanac page A4 (or tables 23 and 24 of this volume) 
should be applied. 

“Stars and planets,” on the inside front cover and repeated on the loose bookmark, 
gives mean refraction only, for the main tabulation. This is a critical type table, with 
altitude as the entering argument. The correction is always negative. In ordinary 
navigation, index correction, dip, and the correction from this table are the only ones 
needed for stars and the planets Jupiter and Saturn. For Venus and Mars, an additional 
correction for parallax and phase is given to the right of the main tabulation. The 
entering altitudes are limited to those occurring during twilight. If observations are 
made at other times, this additional correction should not be applied even though the 
altitude may fall within the tabulated range. 

“Dip,” on the inside front cover and repeated on the loose bookmark, is for dip of 
the horizon. An abbreviated dip table is also given on the page facing the inside back 
cover. The tables are of the critical type, and the entering argument is the height of 
the observer’s eye, in feet, above the surface of the sea. The correction, always nega- 
tive, applies to all observations made with the visible sea horizon as a reference. 

“Additional Correction Tables’ for nonstandard conditions, given on almanac page 
A4, provides an additional correction for nonstandard temperature and atmospheric 
pressure. The sign of each correction is indicated. Equivalent information is given, 
with increased range of entering values, in tables 23 and 24 of this volume. 

, “Altitude Correction Tables—Moon,” on the inside back cover and facing page, 
gives mean refraction, semidiameter, augmentation, and parallax. The entering 
argument is altitude for the upper portion of the table, and altitude and horizontal 
parallax for tie lower portion. The combined correction is always positive, but 30’ is 
to be subtracted from the altitude of the upper limb. In ordinary navigation, index 


correction, dip, and the correction from this table are needed in correcting marine 
sextant observations of the moon. 
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The various separate corrections available from the Nautical Almanac can be found 
as follows: 

Dip. Dip table on inside front cover and repeated on loose bookmark, and on the 
page facing the inside back cover. 

Refraction. Mean refraction from “Stars and Planets” table on inside front cover 
and repeated on loose bookmark, and on the facing page. 

Irradiation. A value of (—) 1/2 is included in the tables of corrections for the upper 
limb of the sun, given on the inside front cover and repeated on the loose bookmark, 
and on the facing page, to allow (—) 0/6 for the upper limb and (—) 0/6 for the horizon. 

Semidiameter. For the sun, the semidiameter for the middle day of each page 
opening of this daily page section is given at the bottom of the sun GHA column. 
For the moon, semidiameter for each day is given at the bottom of the moon data 
columns. The values given are for GMT 1200 on the dates indicated. 

Parallax. For the sun, parallax in altitude can be considered 0/1 for altitudes 0° to 
70°07’, and 0:0 for higher altitudes, with negligible error. This is based upon the mean 
value of 8°80. For the moon, horizontal parallax each hour is tabulated on the daily 
pages. Parallax in altitude is this value multiplied by the cosine of the altitude. 

If artificial-horizon sextant altitudes of the sun or moon are corrected by Nautical 
Almanac, the upper and lower limb corrections can be found and the average computed. 

1627. Corrections by Air Almanac.—In the Air Almanac, various corrections 
are given separately in critical type tables, to the nearest whole minute (nearest two or 
five minutes of refraction for low altitudes), as follows: 

Dip. Outside back cover. 

Refraction. Inside back cover. Aboard ship use the values for zero height. A 
special table for H.O. Pub. No. 218 is given on the page facing the inside back cover. 
A dome refraction table for use in aircraft is given on the same page. 

Coriolis. Inside back cover, below the refraction table. 

Air temperature. Inside back cover. This is shown, not as a separate correction, 
but as an adjustment to mean refraction. Instructions for use of the table are given 
on the inside back cover of the Air Almanac. 

Semidiameter. For the sun and moon, on the right-hand daily page, below the 
moon’s P in A. Values given are for GMT 1200. The value given for the sun is 
always 16’. 

Parallax. For the moon, in the P in A table on the right-hand daily page. Hori- 
zontal parallax is the value for 0° altitude. Values given are for GMT 1200. 

1628. Correcting altitudes of the sun.—In the normal practice of navigation, 
sun observations obtained by marine sextant with the visible horizon as reference are 
corrected as shown in the following examples: 

Example 1.—On June 2, 1958, the lower limb of the sun is observed with a marine 
sextant having an IC of (—) 2/0, from a height of eye of 38 feet. The hs is 51°2874. 

Required.—Ho using (1) Nautical Almanac, and (2) Aw Almanac. 


Solution.— 

(1) + Q — (2) bi OF ae 
IC 2/0 IC Nd 
D 6/0 D 6’ 
© 15/2 R is 

sum 15/2 8/0 SD 16’ 
corr. (+)7/2 sum 16’ 9’ 
hs 51°28'4 corr. (+) 7’ 
Ho 51°35/6 hs 51°28’ 


Ho —*1°35’ 
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Example 2.—On June 2, 1958, the upper limb of the sun is observed with a marine 
sextant having an IC of (+) 1/0, from a height of eye of 45 feet. The hs is 32°47/9. 
Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) + 6 — (2) sha lO ae 

IC 1/0 1@j1s 
D 6! D ef 
(0) 18/5 R os 
sum 1/0 25/0 SD 16’ 
corr. (—)24/0 sum 1’ 25/ 
hs 32°47/9 corr. (—) 24’ 
Ho 32°23 /9 hs 32°48’ 
Ho S224, 


A convenient work form is helpful in the solution. Once the form is prepared, the 
corrections can be entered in any order desired. The symbols © and © are used for 
the corrections from the sun table on the inside front cover of the Nautical Almanac. 
If additional corrections are used, they are included in the same manner as those shown. 
Observations by artificial horizon and by artificial-horizon sextant, and low-altitude 
observations and back sights, are discussed elsewhere in this chapter. 

1629. Correcting altitudes of the moon.—Moon observations by marine sextant with 
the visible horizon as reference are normally corrected as shown in the following examples: 

Example 1.—At about GMT 1100 on June 2, 1958, the lower limb of the moon is 
observed with a marine sextant having an IC of (+) 3/2, from a height of eye of 32 
feet. The hs is 18°04/6. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) THe (2) TAG hs 

IC 3/2 ICA 34 
D Bao D 6’ 
C 62'5 R os 

Lipa6 67, SD 16’ 

sum 72/4 Dias P 56’ 
corr. (+)1°06/9 sum 75’ 9’ 
hs 18°04/6 corr. (+)1°06’ 
Ho 19°11/5 hs 18°05’ 


Ho 19°11’ 
Ezample 2.—At about GMT 0900 on June 2, 1958, the upper limb of the moon is 


observed with a marine sextant having an IC of (—)1‘6, from a height of eye of 70 
feet. The hs is 66°47/3. 


Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) 2 conGiaSen (2) tee Cards 
IC 1/6 IC 25 
D 8/1 D 8’ 
Gi 3340 R — 
Ulin 348 SD 16’ 

add'l 30/0 By 237 
sum 36/8 39/7 sum 23’ 26’ 
corr. (—) 2/9 corr. (=)3’ 
hs 66°47/3 hs 66°47’ 


Ho 66°44/4 Ho 66°44’ 
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The typical work forms shown are useful in problems of this type. The symbol ¢ 
is used for the correction from the upper part of the moon correction table on the inside 
back cover, and facing page, of the Nautical Almanac. The symbols L and U are used 
for the corrections from the lower part of this table. Observations by artificial horizon, 
and by artificial-horizon sextant, and low-altitude observations and back sights, are 
discussed elsewhere in this chapter, as are additional corrections for use when unusual 
accuracy is desired. 

1630. Correcting altitudes of planets——When Venus and Mars are observed by 
marine sextant using the visible horizon as reference, sextant altitudes are normally 
corrected as shown in the following example: 

Example.—On May 19, 1958, Venus is observed with a marine sextant having no 
IC, from a height of eye of 28 feet. The hs is 44°21/3. 

Required —Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) + V-— (2) + V — 

IC — — IC — — 

D 5/1 D 5f 

w-P 1/0 R ile, 

add’l 0/2 sum — 6/ 

sum 0/2 6/1 corr. (—) 6’ 

corr. (—) 5/9 hs 44°21’ 

hs 44°21'3 Ho 44°15! 


Ho 44°15/4 

For Jupiter and Saturn, no additional correction is given. Correction of observa- 
tions of these bodies is the same as corrections of star observations (art. 1631). Work 
forms are useful. The symbol *-P is used for the correction taken from the ‘‘Star- 
Planet”’ table on the inside front cover of the Nautical Almanac. If additional cor- 
rections are to be used, for results of unusual accuracy or low altitudes, they are 
included in the form in the same manner as those shown. Observations by artificial 
horizon and by artificial-horizon sextant, and low-altitude observations and back sights 
are discussed elsewhere in this chapter. 

1631. Correcting altitudes of stars.—Star observations by marine sextant, using 
the visible horizon as reference, are normally corrected as shown in the following 
example: 

Example.—Miaplacidus is observed with a marine sextant having an IC of (+)1°0, 
from a height of eye of 50 feet. The hs is 27°54‘0. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) spate Sr (2) Fabisk: Br 9 

IC 1/0 IC 1’ 
D 6/9 D re 
wx-P 1/8 R 2" 
sum 1/0 8°7 sum 1’ 9" 
corr. ayia corr. (—) 8’ 
hs 27 °54/0 hs 27°54’ 
Ho —127°46'3 Ho 27°46’ 


Work forms for such problems are helpful. Additional corrections, used when 
unusual accuracy is desired, are included in the same manner as those shown. Obser- 
vations by artificial horizon and by artificial-horizon sextant, and low-altitude observa- 
tions and back sights, are discussed elsewhere in this chapter. 


442 SEXTANT ALTITUDE CORRECTIONS 


1632. Low altitudes are normally avoided because of large and variable refraction. 
But sometimes these are the only observations available. This is particularly true in 
polar regions, where the sun may be the only celestial body available, and may not 
reach an altitude of more than a few degrees over a considerable period. In lower 
latitudes the sun may appear briefly just before sunset or just after sunrise. Low- 
altitude observations can supply useful information if additional corrections are applied. 
Reliable lines of position can generally be obtained from low-altitude observations, 
but when conditions are abnormal, the errors introduced are generally larger than for 
higher altitudes, and the precautions of article 1613 should be particularly observed. 

In correcting low-altitude observations, which for normal conditions can be defined 
as those less than 5°, first apply corrections from the first two groups of article 1621 to 
obtain rectified altitude (hr), called “apparent altitude” in the almanac. Normally, 
this includes only index correction and dip. Then apply the remaining corrections, 
using rectified altitude when an altitude is needed for entering correction tables. The 
corrections normally applied are mean refraction, air temperature, atmospheric pres- 
sure, semidiameter (as applicable), and parallax (for the sun and moon). 

In practice, sextant altitudes are corrected in the usual manner, except that addi- 
tional corrections are applied, and the process is divided into two parts. The use of 
rectified altitude for finding parallax introduces an error but this is too small (less 
than 0/1) for practical consideration. If the Nautical Almanac is used, corrections for 
altitudes between the horizon and 10° are given in a noncritical type table on almanac 
page A3. The correction for a negative altitude can be obtained by extrapolation 
without introducing a significant error for values obtained at ship heights of eye. 
A combined temperature-atmospheric pressure correction can be obtained from the 
table on almanac page A4. This table is intended for use without interpolation be- 
tween columns. Separate corrections can be obtained from tables 23 and 24 of the 
present volume, which provide interpolated values for greater accuracy. They also 
provide greater range of temperature and atmospheric pressure. 

To correct a low altitude of the sun, then, apply index correction and dip to sextant 
altitude to find rectified altitude. Using this altitude as an entering value, find the 
following corrections and apply them to rectified altitude: 


sun correction (© or 6), from page A3 of the Nautical Almanac; 

combined temperature-atmospheric pressure correction (TB), from page A4 of 
the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place of 
the combined correction). 


If the Air Almanac is used, the mean refraction and air temperature corrections 
can be combined by using the factor on the inside back cover. A semidiameter cor- 
rection of 16’ is added if the lower limb is observed, and subtracted if the upper limb 
is observed. Since corrections are to whole minutes only, parallax is not used for the 
sun. In summary, apply index correction and dip to sextant altitude to find rectified 
altitude. Using this altitude as an entering value, where needed, apply the following 
corrections to rectified altitude: 


refraction (adjusted for air temperature) (R), from inside back cover of Air 
Almanac; 

atmospheric pressure (B), from table 24; 

semidiameter (SD), 16’ (add if lower limb, and subtract if upper limb). 

Example 1—On June 2, 1958, the lower limb of the sun is observed with a marine 


sextant having an IC of (+) 1/8 from a height of eye of 45 feet. The hs is 1°24/4, air 
temperature 88°F, and atmospheric pressure 29.78 inches. 
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Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 


Solution: 
(1) + Q — (2) ree Oy ind (3) bes TENS! dat 
IC 18 IC 1/8 LCE 2 
D 6/5 D 615 D (4 
sum 1/8 6/5 sum 1/8 6/5. sum 2’ 7 
corr (—)4°7 corr (—)4!7 corr. (—) 5’ 
hs 1°24'4 hs 192474 hs 1°24/ 
hr 1219.07 brie od 21947 hr 1 etO: 
© 6/0 © 6/0 R 18’ 
TB 2'5 Poi 15 B — 
sum 2'5 6/0 B — SD 16’ 
corr. (—) 3/5 sum 1/5 6/0 sum 16’ 18’ 
hr 1°19/7 corr. (—)4'5 corr. (—) 2’ 
Ho 1°16:2 hr 12 Tot7. hr 1°19’ 
Ho 121512) Ho 1en7! 


The larger intervals given in the Air Almanac refraction table may introduce 
additional error. In this example, the temperature is changed to Celsius (centigrade), 
giving a value of 31°. The factor at a height of 0 feet corresponding to this temperature 
is 0.9. With this and the rectified altitude, the combined refraction and air tempera- 
ture correction is found to be as shown. Approximately the same result would have 
been obtained by correcting for mean refraction (without the factor) and temperature 
(from table 23) separately. 

If the moment at which either limb is tangent to the horizon is noted, an ob- 
servation of 0° altitude has been made without a sextant. 

Example 2—On June 2, 1958, the sun is observed at sunset as the upper limb 
drops below the horizon, from a height of eye of 38 feet. The air temperature is 
(—)10°F, and atmospheric pressure 30.06 inches. Double extrapolation would 
be needed to solve this problem by the Nautical Almanac. A better solution is provided 
by means of tables 23 and 24. 

Required.—Ho using (1) tables 23 and 24, and (2) Air Almanac. 


Solution.— 
(1) a a (2) + 5 = 
IC — — 1G saa 
D 6/0 D 6’ 
sum — 6/0 sum — vy 
corr. (—) 6/0 corr. (—) 6’ 
hs 0°00/0 hs 0°00’ 
hr (—)0°06/0 hr (—)0°06’ 
(0) 52/6 R 42’ 
4 4'8 B _- 
B 0/3 SD _ 16’ 
sum — Cay, sum — 58’ 
corr. (—) 57°7 corr. (—) 58” 
hr (—)0°06/0 hr (—) 0°06 
Ho (—)1°03!7 Ho (—)1°04’ 


Corrections are applied algebraically. Therefore, for negative altitudes a negative 
correction is numerically added, and a positive correction is numerically subtracted. 
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To correct low altitudes of the moon, apply index correction and dip to sextant 
altitude to find rectified altitude. Using this altitude as an entering value, find the 
following corrections and apply them to rectified altitudes: 


moon correction (C), from inside back cover, and facing page, of Nautical Almanac; 

lower or upper limb correction (L or U), from inside back cover, and facing page, 
of Nautical Almanac; 

additional correction (add’l, (—) 30’, for upper limb observation only) ; 

combined temperature-atmospheric pressure correction (TB), from page A4 
of the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place of 
the combined correction). 


If the Air Almanac is used, correct the rectified altitude by applying the following 
corrections: 

refraction (adjusted for air temperature) (R), from inside back cover of Air 

Almanac; 

atmospheric pressure (B), from table 24; 

semidiameter, from right-hand daily page; 

parallax, from right-hand daily page. 

Example 3—At GMT 17°14™27* on June 2, 1958, the upper limb of the moon is 
observed with a marine sextant having no IC, from a height of eye of 33 feet. The 
hs is 2°35/4, air temperature 63°F, and atmospheric pressure 29.81 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 


Solution.— 

(1) Aree (2) ere (3) tae Gols 
IC — — IC — —— IC — — 
D 5'6 D cial D 6’ 
sum — 5/6 sum — 5/6 sum — 6’ 
corr. (—) 5/6 corr. (—) 5/6 corr (—) 6’ 
hs 2° 3514 hs 2 304 hs 2S85i 
hr 2°29/8 hr 2°29/8 hr 2°29’ 
Gaboul €e52i1 ns 16’ 

U 74°53 Ue 475 B — 
add’l 30/0 add’l 30/0 SD 16’ 

TB 0/4 Taor4 P59 
sum 57/0 30/0 B — sum 59’ Son 
corr. (+) 27/0 sum 57/0 30/0 corr. (+) 27’ 
hr 2°29'8 corr. (+) 27/0 hr 2°29’ 
Ho 2°56/8 hr 2°29'8 Ho 2°56" 


Hoolt me295648: 

A lower limb solution would be the same, except that an L correction would have 
been used from the Nautical Almanac and there would be no “add’l” correction, and 
in the Air Almanac solution the sign of the semidiameter correction would be reversed. 
The moon correction table on the inside back cover, and facing page, of the Nautical 
Almanac extends to a minimum altitude of 0°. The corrections for negative altitudes 
can be found by extrapolation. 

To correct low altitudes of the planets Venus and Mars, apply index correction 
and dip to sextant altitude to find rectified altitude. Using this altitude as an entering 
value, find the following corrections and apply them to rectified altitude: 
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star-planet correction (x*-P), from page A3 of the Nautical Almanac; 

additional correction (add’l), from page A2 of the Nautical Almanac; 

combined temperature-atmospheric pressure correction (TB), from page A4 of 

the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place of 
the combined correction). 

it the Air Almanac is used, correct the rectified altitude by applying the following 
corrections: 

refraction (adjusted for air temperature) (R), from inside back cover of Air 

Almanac; 

atmospheric pressure (B), from table 24. 

Example 4.—On September 28, 1958, Mars is observed with a marine sextant 
having an IC of (+) 3(5, from a height of eye of 17 feet. The hs is 4°02/6, air tem- 
perature 2°F, and atmospheric pressure 29.67 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 


Solution.— 

(1) ote, ) Mos (2) Pity M) t= (3) + M.— 

IC 3'5 IC 3/5 IC 4’ 
D 4/0 D 4/0 D 4’ 
sum 3/5 4/0 sum 3/5 4/0 sum 4’ 4’ 
corr. (—)0'5 corr. (—) 05 corr — 
hs 4°02'6 hs 4°02'6 hs 4°03’ 
hr 4°02!1 hr 4°02/1 hr 4°03’ 
w-P 11'7 ¥-P iW eer R 14’ 

add’l 0/3 add’l 0'3 B — 
TB to 4h bbe sum — 14’ 
Bil Vso tore B 0/1 corr. (—)14’ 
corr. (—)12/9 sum 0/4 = -12'9 hr 4°03’ 
hr 4°02'1 corr. (—)12°5 Ho 3°49’ 

Ho 3°49/2 hr 4°02/1 


Ho ~—-3°49'6 

The solution for Jupiter and Saturn, and for stars, is identical with that of example 
4, except that the additional correction (phase and parallax) is omitted. 

1633. Back sights.—An altitude measured by facing away from the celestial body 
being observed is called a back sight. It may be used when an obstruction, such as 
another vessel, obscures the horizon under the body; when that horizon is indistinct; 
or when observations are made in both directions, either to determine dip or to avoid 
error due to suspected abnormal dip. Such an observation is possible only when the 
arc of the sextant is sufficiently long to permit measurement of the angle, which is 
the supplement of the altitude. For such an observation of the sun or moon, the 
lower limb is observed when the image is brought below the horizon, appearing as a 
normal upper limb observation, and vice versa. To correct such an altitude, subtract 
it from 180° and reverse the sign of corrections of the first two groups of article 1621 
(normally only index correction and dip). 

Ezxample.—On June 2, 1958, a back sight is taken of the lower limb of the sun, 
with a marine sextant having an IC of (—) 2/0, from a height of eye of 24 feet. The 
measured sextant altitude is 118°41'4. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


446 SEXTANT ALTITUDE CORRECTIONS 


Solution.— 
(1) somes Scepelcae (2) Liter gr hie 
MG BEC i Uae 4: 
© 15/4 R 17 
sum 22/2 — SD 16’ 
corr. (+) 22/2 sum 23’ 1’ 
180°—hs 61°18/6 corr. (+) 22’ 
Ho 61°40/8 180°—hs 61°19’ 
Ho 61°41’ 


1634. Correcting horizontal angles.—When a marine sextant is used to measure 
the horizontal angle between two objects, the result is not usually desired to a precision 
that makes correction necessary, unless the sextant has an unusually large index error. 
However, if precise results are desired, corrections of the first group only of article 
1621 are applied. If a personal error exists, it is not likely to be the same as for 
altitudes. For measuring angles between two objects differing widely in altitude, as 
between two stars, it is not likely that results will be required to such precision that 
additional correction for the third, fourth, and fifth groups of article 1621 will be 
needed. If they are, the method of application can be determined from the principles 
of spherical trigonometry (app. O). In this case, the altitudes of both bodies will also 
be needed. Corrections for the second group of article 1621 are not applicable. 


Problems 


1624. At about GMT 0800 on June 2, 1958, the following bodies are observed 
with marine sextants having an IC of (+)2/2, using an artificial horizon: sun (lower 
limb) hs 134°33/9, moon (upper limb) hs 77°23/4, Venus hs 98 °04/6, Schedar hs 43°24/4. 

Required—Ho of each observation using (1) Nautical Almanac, and (2) Air 
Almanac. 

Answers.—(1) Sun Ho 67°33/6, moon Ho 39°11/7, Venus Ho 49°02'6, Schedar 
Ho 21°40'9; (2) sun Ho 67°34’, moon Ho 39°12’, Venus Ho 49°03’, Schedar Ho 21°41’. 

1625. At about GMT 0300 on June 2, 1958, the following bodies are observed with 
bubble sextants having no IC: sun hs 23°51’, moon hs 52°20’, Jupiter hs 63°18’, 
Eltanin hs 24°45’. 

Required.—Ho of each observation using (1) Nautical Almanac, and (2) Air 
Almanac. 

Answers.—(1) and (2) Sun Ho 23°49’, moon Ho 52°56’, Jupiter Ho 63°18’, Eltanin 
Ho 24°43’. 

1628a. On June 2, 1958, the lower limb of the sun is observed with a marine 
sextant having an IC of (+)1/8, from a height of eye of 34 feet. The hs is 41°34’8. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 41°45'8; (2) Ho 41°46’. 

1628b. On June 2, 1958, the upper limb of the sun is observed with a marine 
sextant having no IC, from a height of eye of 30 feet. The hs is 15°21/7. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 14°56/0; (2) Ho 14°57’. 

1628c. On June 2, 1958, the lower limb of the sun is observed with a marine 
sextant having an IC of (—)1/3, from a height of eye of 43 feet. Another ship is 
between the observer and the horizon, at a distance of 1.4 miles from the observer. 
The water line of this ship is used as the horizontal reference. The hs is 25°18/2. 
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Required.—Ho using table 22 and (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 25°13/0; (2) Ho 25°13’. 

1629a. At about GMT 2100 on June 2, 1958, the lower limb of the moon is observed 
with a marine sextant having an IC of (—) 2/5, from a height of eye of 55 feet. The 
hs is 47°35/5. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 48°20/5; (2) Ho 48°22’. 

1629b. At about GMT 2300 on June 2, 1958, the upper limb of the moon is observed 
with a marine sextant having an IC of (+)4/0, from a height of eye of 12 feet. The 
hs is 22°58/3. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 23°34'7; (2) Ho 23°35’. 

1630a. On June 18, 1958, Mars is observed with a marine sextant having an IC of 
(+) 2‘2, from a height of eye of 60 feet. The hs is 34°11/7. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 34°05'1; (2) Ho 34°05’. 

1630b. Jupiter is observed with a marine sextant having an IC of (—)1/0, from a 
height of eye of 27 feet. The hs is 11°23/9. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 11°13/2; (2) Ho 11°13’. 

1631. Alpheratz is observed with a marine sextant having no IC, from a height of 
eye of 42 feet. The hs is 38°20'3. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 38°12'8; (2) Ho 38°13’. 

1632a. On June 2, 1958, the lower limb of the sun is observed with a marine 
sextant having an IC of (—) 2‘3, from a height of eye of 24 feet. The hs is 2°04/6, air 
temperature 65°F, and atmospheric pressure 30.81 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 1°55'1; (2) Ho 1°55'1; (3) Ho 1°56’. 

1632b. On July 2, 1958, the sun is observed as the upper limb drops below the 
horizon at sunset, from a height of eye of 19 feet. The air temperature is 16°F, and 
atmospheric pressure 29.90 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Az, 
Almanac. 

Answers.—(1) Ho (—)1°01/4; (2) Ho (—)0°59/2; (3) Ho (—)0°58’. 

1632c. At GMT 6°03™29° on June 2, 1958, the upper limb of the moon is observed 
with a marine sextant having an IC of (+)2‘6, from a height of eye of 35 feet. The 
hs is 1°12/6, air temperature (—) 23°F, and atmospheric pressure 29.04 inches. 

Required.—Ho using (1) tables 23 and 24, and (2) Aw Almanac. 

Answers.—(1) Ho 1°26/1; (2) Ho 1°24’. 

1632d. At GMT 12°44™01* on June 2, 1958, the lower limb of the moon is observed 
with a marine sextant having an IC of (+)3/2, from a height of eye of 22 feet. The 
hs is 0°24/4, air temperature 40°F, and atmospheric pressure 29.94 inches. 

Required—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 1°07/4; (2) Ho 1°07'6; (3) Ho 1°04’. 

1632e. On January 19, 1958, Venus is observed with a marine sextant having an 
IC of (—)0/5, from a height of eye of 31 feet. The hs is 3°29'8, air temperature 55° F, 
and atmospheric pressure 30.15 inches. 
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Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 3°11'3; (2) Ho 3°11/1; (3) Ho 3°11’. 

1632f. Saturn is observed with a marine sextant having an IC of (—) 2/3, from a 
height of eye of 37 feet. The hs is 4°39/2, air temperature 76° F, and atmospheric 
pressure 28.89 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 4°21/4; (2) Ho 4921/1; (3) Ho 4°21’. 

1632g. Gienah is observed with a marine sextant having no IC, from a height of 
eye of 44 feet. The hs is 2°46'1, air temperature 35°F, and atmospheric pressure 
29.92 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 2°23'4; (2) Ho 2°23/6; (3) Ho 2°21’. 

1633. On June 2, 1958, a back sight is taken of the lower limb of the sun, with a 
marine sextant having an IC of (+) 1/7, from a height of eye of 49 feet. The measured 
sextant altitude is 141°04/9. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 39°15/0; (2) Ho 39°15’. 

1634. The horizontal angle between two objects is measured with a marine sextant 
having an IC of (+)4/0. The measured angle is 85°14/6. 

Required.—Corrected angle. 

Answer.—Corrected angle 85°18/6. 


CHAPTER XVII 
LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


1701. Circles of equal altitude.—For every point on the earth there is a zenith 
(art. 1428) vertically overhead on the celestial sphere (art. 1403). Likewise, every 
point on the celestial sphere is vertically over some terrestrial point, called its geo- 
graphical position (GP). However, since the earth rotates on its axis, causing ap- 
parent rotation of the celestial sphere, the GP of any point on the celestial sphere is 
continually moving to the westward, at the rate of about 15° per hour. If a celestial 
body is changing its apparent position on the celestial sphere, this motion is added 
to that caused by rotation, so that the rates of motion of the GP’s of various bodies 
differ slightly. Further, this motion may not be exactly westward, having a small 
northerly or southerly component as the body changes declination, due either to its 
own proper motion or precession of the equinoxes (art. 1419), or a combination of the 
two. 

At any moment the declination of a celestial body is equal to the latitude of its 
GP. The Greenwich hour angle (GHA) of the body, if not greater than 180°, is 
equal to the longitude (west) of the GP. If the GHA is greater than 180°, its ex- 
plement (art. 027) is equal to the longitude (east). Thus, if it is established that a 
body of known coordinates is in the zenith of an observer, the position of the observer 
is known. However, for the celestial bodies used in navigation, this condition rarely 
occurs for any individual observer, and is difficult to determine when it does occur. 

More commonly, the altitude (art. 1428) is measured, and from this the zenith 
distance (art. 1428) can be determined. This value defines a circle on the earth, as 
shown in figure 1701a. Thus, if the observer is one mile from the GP, in any direction, 
he is 1’ from it, and his zenith is 1’ from the celestial body. Anywhere on a circle of one 
mile (1’) radius, with the GP as the center, the zenith distance is 1’. Similarly, if 
the zenith distance is 10°, the observer may be anywhere on a circle (assuming a 
spherical earth) of radius 10 60=600 miles, with the GP as the center. If the zenith 
distance is 30°, the radius is 1,800 miles; if 60°, the radius is 3,600 miles; and if 90° 
(body on the celestial horizon), the radius is 5,400 miles. This is a great circle dividing 
the earth into two hemispheres. Anywhere within that hemisphere having the GP 
as its center the celestial body is above the celestial horizon. Anywhere within the 
opposite hemisphere the body is below the celestial horizon. 

These circles of equal altitude are circles of position, or circular lines of position. 
Two such circles for different celestial bodies, or for the same body at different times, 
may intersect at two points, as shown in figure 1701b. If these circles have radii 
equal to the zenith distances at the observer, the position of the observer is established 
at one of the two intersections. Normally, these intersections are separated by such 
ereat distances that no question arises as to which represents the position of the ob- 
server. However, uncertainty can be removed if additional altitude circles can be 
established by observation of other celestial bodies. It would be a rare coincidence 
for a third such circle to pass through both intersections of the first two. The third 
observation also serves as a check on the accuracy of the first two. The ambiguity 
might also be resolved by noting the azimuth of either or both of the bodies, for the 
azimuth should be in the same direction as the radius of the circle of position, measured 


at the intersection. 
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1702. Utilizing circles of equal altitude.—For most altitudes conveniently ob- 
served, the plotting of circles of equal altitude involves certain difficulties. Because 
of the long radii of such circles, a chart of very small scale would be needed, and vir- 
tually any chart distortion would introduce some error, unless an azimuthal projection 
(ch. III) centered upon the GP were used, an impractical procedure with a moving 
GP for each body. The appearance of two circles of equal altitude plotted on a 
Mercator chart is shown in figure 1702. 

It has been suggested that the second difficulty, that of distortion, might be over- 
come by plotting directly on a sphere, using equipment designed for this purpose. 
While theoretically sound, this procedure does not overcome the first difficulty, that 
of scale, and has not proved practical. A variation of this has been the use of movable 
arcs, by which a small-scale model of one or more navigational triangles (art. 1433) is 
mechanically produced. The coordinates are carefully measured by means of sliding 
indices controlled by verniers or micrometers. Another variation has been a graphical 
solution based upon the drawing of a diagram according to any of various principles. 
Although a number of mechanical and graphical solutions have been devised, and some 
have proved practical (ch. XXI), none has been generally accepted as superior to the 
commonly used tabular methods of solution. 


Fieure 1701a.—Circles of equal altitude. Figure 1701b.—Intersections of two circles of 
equal] altitude. 


However, as the altitude of a body increases, reducing the zenith distance, both 
distortion and scale difficulties decrease. Also, on a Mercator chart, they decrease 
as the GP approaches the equator. The observation of a celestial body near the zenith 
is difficult, but in the case of the sun no alternative may be available near noon in the 
tropics. Such a situation does provide an easy solution and may permit obtaining of 
a fix from two observations of the same body, with only a few minutes between ob- 
servations. This solution is discussed further in article 2011. 

1703. The line of position.—For zenith distances too great to plot conveniently, 
a line of position can be laid down in another manner. 

The altitude of a celestial body may be measured. After appropriate corrections 
are applied, this is called observed altitude (Ho). For the instant of observation, the 
altitude and azimuth at some convenient assumed position (AP) near the actual posi- 
tion of the observer are determined by calculation or equivalent process. The differ- 
ence between this computed altitude (He) and Ho is the altitude difference (a), some- 
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FicurE 1702.—Circles of equal altitude on a Mercator chart. 


times called altitude intercept. Since a is the difference in altitude at the assumed 
and actual positions, it is also the difference in zenith distance, and therefore the 
difference in radii of the circles of equal altitude at the two places. The position having 
the greater altitude is on the circle of smaller radius, and hence is closer to the GP of 
the body. In figure 1703a the AP is shown on the inner circle. Hence, He is greater 
than Ho. 

The line of position can be plotted by using part of the information within the 
broken circle of figure 1703a, as shown in figure 1703b. First, the AP is plotted. The 
circle of equal altitude through this position is not needed, and is not plotted. From 
the AP the azimuth line is measured toward or away from the GP as appropriate, and 
the altitude difference is measured along this line. At the point thus located, a line is 
drawn perpendicular to the azimuth line. For several miles on each side of the azimuth 
line, this perpendicular can be considered part of the circle of position through the 
observer, as shown in figure 1703a. This perpendicular is the line of position. It is 
labeled with the time of observation above the line, and the name of the celestial body 
below the line, as shown in figure 1703b. 

For neatness of plot the azimuth line should not be extended beyond the line of 
position or the AP, unless it is extended a short distance in the direction of the body, 
and the symbol of the body observed is shown to indicate whether a ‘“‘toward”’ or 
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TITUDE FOR “away” observation. This 

ou Me BSe Ry method is used in the examples 
at pLUTUDE FOR COmpy, My of H.O. Pub. No. 214. Some 
Ze NG navigators omit the azimuth 

NG, aX line, showing only the AP and 

ae line of position, and using a 


a 


“ a straightedge as a guide for the 

\s \ dividers in measuring the alti- 
tude difference. This is good 
practice, for it reduces the num- 
ber of lines on the plotting 
sheet, and therefore minimizes 
the possibility of making an 
error. However, until one gains 
confidence in plotting lines of 
position, it is desirable to show 
the azimuth line. 

For plotting a line of posi- 
tion from a celestial observation, 
then, only the assumed posi- 
tion, altitude difference (with 
Figure 1703a.—The basis for the line of position from 22 indication of which altitude 

a celestial observation. is greater), and azimuth are 
needed. 

The assumed position is chosen somewhat arbitrarily. It may be the dead reck- 
oning position, an estimated position, or any arbitrarily chosen position nearby. Most 
commonly, however, the assumed latitude (aL) is taken as the nearest whole degree 
of latitude to the DR or EP; and the assumed longitude (an) is selected so that the 
local hour angle is a whole degree. The location of the line of position is independent 
of the location of the AP (within reasonable limits), assuming only that the altitude 
difference is measured from the AP used for determining Hc. That is, each AP has 
its own altitude difference, depending upon its distance from the line of position. 

The altitude difference, the numerical difference between He and Ho, is customarily 
expressed in nautical miles (minutes of arc), and labeled T or A to indicate whether 
the line of position is toward or away from the GP, as measured from the AP: 


Heo 3725106 Het oies7 3 
Ho 37°43/9 Ho 6221227 
a 774A a 15.4T 
The azimuth is customarily determined by com- AP 


putation or table at the time of determining He. 
This method of plotting a line of position from a 
celestial observation was suggested by Marcgq St.-Hilaire 
(art. 2108), and generally bears his name. It is used 
almost universally by modern navigators. The method 
is based upon knowledge of one point on the line, and 
the direction of the line. Another method of utilizing 
the same principle is to assume the latitude and com- 
pute the longitude at which the line of position crosses eee 
that parallel (the time sight method, art. 2106), or 
vice versa. When this method is used, the azimuth F1GuRe 1703b.—A line of position 


: : f b i f th 
1s customarily found separately, from a table or graph. Cavell at 0643. Oy, ime 
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A third method is to compute two points on the line of position and draw a straight 
line through them. This line is a chord, rather than a tangent, of the circle of position, 
but in most cases the difference is negligible. This third method was that originally 
proposed by Captain Thomas H. Sumner (art. 131), and for this reason the resulting 
line of position is sometimes called a Sumner line, although the expression may be 
applied to any line of position resulting from celestial observation. 

When celestial navigation is used, plotting is generally done on plotting sheets (art. 
323) published by the U. S. Navy Hydrographic Office. These are less expensive than 
charts, and the absence of detail eliminates a possible source of confusion and error. 

1704. Using lines of position from celestial observations.—Like any other line of 
position, one resulting from a celestial observation does not pinpoint the position of 
the craft, but may provide all the information needed to insure safety of the vessel. 
The selection of a celestial body and the time of observation to provide the desired 
information is based upon the fact that the line of position is perpendicular to the 
azimuth line. If the celestial body is on or near the celestial meridian, the line of 
position is a latitude line, indicating the latitude at the time of. observation, some- 
times called the observed latitude. Similarly, a body on or near the prime vertical pro- 
vides a longitude line, indicating the observed longitude. One ahead or astern provides 
a speed line, since the line of position is perpendicular to the course, and hence is an 
indication of the speed made good since the last speed line or fix. Similarly, a body 
on the beam provides a course line which indicates to what extent the course is being 
made good. If the azimuth line is perpendicular to a coast line, shoal, or other hazard, 
the line of position indicates the distance of the vessel from the danger. Passage 
parallel to such a danger, or between two of them, might be made safely by means of 
a series of observations of a body on the beam during passage, without fixing the 
position of the vessel. This problem might be simplified by precomputing the sextant 
altitude at intervals during passage, and plotting this versus time on cross-section 
paper, so that sextant altitudes can be compared immediately with the values taken 
from the curve to determine any deviation from the desired track. In a perpendicular 
approach to a coast, the point at which landfall will be made can be predicted with 
considerable accuracy if a body having an azimuth parallel to the beach is observed. 

During twilight, with clear skies, the selection of a celestial body to provide 
desired information is simply a matter of choosing the body with azimuth nearest that 
desired, remembering that bodies having azimuths differing by 180° should provide the 
same line of position. Observation of bodies in opposite directions provides a check, 
and a better one than two observations of the same body, or observations of two bodies 
having nearly the same azimuth, for any constant error in the observations, such as 
might be caused by abnormal dip, can be eliminated by observing bodies on opposite 
azimuths and using a line midway between the two plotted lines of position. 

When a limited number of bodies is available for a considerable period, as during 
daylight, the best time to make an observation to obtain a line of position in a desired 
direction can be determined by means of an azimuth table or diagram, or an inspection 
table such as H.O. Pub. No. 214. The azimuth is located, and the corresponding 
meridian angle is recorded. The meridian angle can then be converted to GHA, and 
the time at which this GHA occurs can be determined from the almanac (art. 2104). 

Lines of position can be used for determining an estimated position (art. 1705), or 
they can be advanced or retired (art. 1706) to obtain a fix (art. 1707) or running fix 
(art. 1708). If a single body is available for observation, increased accuracy can 
usually be obtained by making three or more observations, adjusting all lines to a 
common time (art. 1706), and using either the middle line, or the average position of all 
lines. 
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1705. Estimated position.—As indicated in chapter VIII, a dead reckoning (DR) 
position is determined by advancing a known position for courses and distances. In 
the absence of additional information, the DR position is the best estimate of the posi- 
tion of the vessel. However, the expression estimated position (EP) is generally applied 
to one determined by using additional but inconclusive information. If the effects 
of wind and current can be estimated, and these effects have not been considered in 
establishing the DR position, they can be applied separately to establish an EP. As 
each additional item of information is received, an improved estimate might be made. 

A single line of position can 

be useful in establishing an esti- 

1630 EP mated position. If an accurate 
line is obtained, the actual posi- 
tion is somewhere on this line. 
In the absence of better infor- 
Sey, mation, a perpendicular from 
es the previous DR position or EP 
to the line of position establishes 

the new EP, as shown in figure 
1705a. The foot of the perpen- 
dicular from the AP has no sig- 


nificance in this regard, since it 
Figure 1705a.—Estimated positions before and after Ob- ig used only to locate the line of 
servation of the sun for a line of position, allowing for a 
current. position. 


The establishment of a good 
EP is dependent upon accurate interpretation of all information available. Generally, 
such ability can be acquired only by experience. If, in the judgment of the nav- 
igator or captain, the course has been made good, but the speed has been uncertain, 
the best estimate of the position might be at the intersection of the course line and 
the line of position, as shown in figure 1705b. If the speed since the last fix is considered 
accurate, but the course is considered uncertain, the EP might be at the intersection 
of the line of position and an are centered on the previous fix and of radius equal to 
distance traveled, as shown in figure 1705c. 


EP after observation of sun 
EP before observation of sun ———> 


1210 FIX 


0700 FIX 09700 FIX 
Sean dStance aoe 


1100 EP 


Figure 1705b.—An estimated position when the Figure 1705¢.—An estimated position when the 
course and a line of position are considered speed and a line of position are considered 
accurate. accurate. 


0700 FIX 


1100 EP 


Figure 1705d.—An estimated position when a 
line of position is considered of first accuracy, 
speed of second accuracy, and course of third 
accuracy. 
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More often, neither course nor speed is known to be entirely accurate, but if one 
is considered more accurate than the other, the EP may be located accordingly. Even 
the line of position might properly be considered of questionable accuracy, and some 
estimate of its reliability established. Figure 1705d shows an EP that might be 
established by considering the line of position of greatest but incomplete accuracy, 
the speed of secondary accuracy, and the course as least accurate. 

The expression most probable position (MPP) is sometimes used as the equivalent 
of estimated position. However, the former is of somewhat broader application, since 
it may apply equally well to establishment of the fix when more than two lines of 
position are available. 

Further discussion of navigational accuracy is included in chapter XXIX. 

1706. Advancing and retiring lines of position—For a stationary observer, lines 
of position resulting from observations made at different times are equally applicable 
without adjustment. However, for a moving observer, as one aboard a vessel underway 
at sea, any line of position (except a course line) applies only to the position at the time 
of observation. If lines resulting from observations made at different times are to be 
utilized for determining position, they should be adjusted for the motion of the observer 
between observations. 

A line of position resulting from observation of a celestial body can be advanced 
or retired in the same manner as other lines of position (ch. IX), by selecting any 
point associated with the line of position and running it forward or backward by dead 
reckoning, or by estimate. For most accurate results, the best estimate of course and 
speed made good (over the bottom) between the time of observation and the time to 
which the line is to be adjusted should be used. Any error in determining these values is 
reflected in the adjusted line of position. However, error in speed does not affect the 
accuracy of an adjusted course line, nor does error in course introduce an appreciable 
error in the accuracy of an adjusted speed line. The time label of an adjusted line of 
position includes both the time of observation and the time to which the line is adjusted. 

As in the case of a line of position resulting from observation of the bearing of an 
identifiable, charted object (art. 904), the number of lines on the chart can be kept 
to a minimum, reducing the possibility of confusion, by adjusting the point from which 
the line is drawn. In the case of celestial navigation, this is the assumed position. 
This method applies equally well to all observations, and avoids some possible dif- 
ficulty which might arise in advancing a line of position nearly parallel to the course 
line. When the AP is advanced or retired, the initial line of position need not be 
drawn unless it serves some useful purpose. 

1707. The fix.—The common intersection of two or more lines of position con- 
stitutes a fix, regardless of the source of the position lines, provided only that the lines 
are based upon simultaneous observations. Celestial observations are seldom simul- 
taneous because all sights of a group are customarily taken by a single observer, usually 
the navigator. If observations are made a few minutes apart (a round of sights), as 
during a twilight period, all lines are adjusted to a common time, and the position 
is considered a fix, rather than a running fix. Many navigators advance earlier lines 
to the time of the last observation, and consider the fix applicable at this time, as 
shown in figure 1707a. An alternative procedure, which is gaining in acceptance, is 
to advance earlier sights and retire later ones to an intermediate time, either the time 
of the mid observation or a convenient time during the period of observation, such 
as a whole, half, or quarter hour. This results in a more accurate and convenient time 
of the fix. In figure 1707b the lines of figure 1707a are adjusted to a common time at 
a whole hour. With any procedure, the time of the fix is the common time to which 
the lines of position are adjusted. 
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Fiaure 1707a.—A fix obtained by advancing earlier lines of position to the time of the last 
observation. 


In figures 1707a and 1707b the assumed positions are typical of those which might 
be used with a modern method of sight reduction such as H.O. Pub. No. 214 (ch. XX). 
Any position in the vicinity might be used. If the dead reckoning (or estimated) 
position at the time of each observation is used as the assumed position for that sight, 
all sights are plotted from the DR position (or EP) at the time for which the fix is 
desired. If the same AP is used for all sights, the advanced or retired AP's are along a 
straight line extending in the direction of the course line, the AP corresponding to the 
earliest observation being farthest advanced along this line, and others progressing 
along it in a direction opposite to that of the course. If there is any change of course 
or speed between observations, this should be considered in advancing or retiring a line 
of position, as it would in running forward the dead reckoning. Under normal condi- 
tions, lines of position adjusted for a short interval to obtain a fix are moved by dead 
reckoning, without separate allowance for current. 

Two lines of position provide a fix, but when additional celestial bodies are available, 
it is good practice to observe them. Additional lines serve as a check on the accuracy of 
the first two, and should decrease the error of the fix. However, the increased accuracy 


Figure 1707b.—A fix obtained by adjusting the lines of position of figure 1707a to a 
convenient time during the period of observation. 
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of a fix resulting from a number of lines of position, over that resulting from only 
two, is not great under normal conditions, and the principal reason for the additional 
observations is the increased confidence the navigator has in the reliability of his fix. 

In selecting bodies for observation, one should generally consider azimuth pri- 
marily, and such factors as brightness, altitude, etc., secondarily. Individual cir- 
cumstances, however, may dictate departures from this procedure. During twilight, 
when skies are clear and the entire horizon is good, one generally has ample choice of 
bodies to observe. It is good practice to make several more observations than the 
minimum considered acceptable, so that additional lines of position will be available, 
if needed, to resolve possible ambiguities or confirm doubtful results. 

Sights need not be solved in the order taken. During evening twilight the brightest 
bodies should be observed first, as soon as they can be “brought down” successfully 
to the horizon. During morning twilight the reverse is true, the dimmer stars being 
observed while they are still visible. However, with advance planning, one can include 
in the list of bodies to be observed those which should provide the best fix. 

If all observations were precisely correct, in every detail, the resulting lines of 
position would meet at a point. However, this is rarely the case. Three observations 
generally result in lines of position forming a triangle. If this triangle is not more than 
two or three miles on a side under good conditions, and five to ten miles under unfavorable 
conditions, there is normally no reason to suppose that a mistake has been made. Even 
a point fix, however, is not necessarily accurate. An uncorrected error in time, for 
instance, would move the entire fix eastward if early and westward if late, at the rate of 
1’ of longitude for each 4° of error in time. 

With two or four observations, the ideal is to have them crossing at angles of 
90°. With three observations, the ideal is angles of 60°. With three observations it 
is good practice to observe bodies differing in azimuth by 120°, as nearly as possible. 
This provides lines of position crossing at angles of 60°, and, in addition, any constant 
error in altitude is eliminated, serving only to increase or decrease the size of the tri- 
angle, but not affecting the position of its center. If the azimuths differ by 60°, a large 
constant error in altitude would result in a fix outside the triangle, as shown in figure 1707c. 


FIX 


FIX 


Figure 1707c.—A fix from three lines of position, assuming a constant error in altitude. If all lines 
are moved away (in this case) from the bodies observed, they would meet in a point which might 
be either inside (left) or outside (right) the triangle. 
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With lines of position crossing at 60°, the assumed constant error for a fix outside 
the triangle is three times that for a fix inside the triangle. With four bodies, 
azimuths differing by 90° produce a box fix, with constant error eliminated by using 
the mid point as the fix. With more than four observations, the selection of the fix 
becomes more complex, and general rules are probably undesirable. The evaluation of 
each observation and the exercise of judgment become of greater importance. What- 
ever the number of observations, common practice, backed by logic, is to take the 
center of the figure formed unless there is reason for deviating from this procedure. 
By “center” is meant the point representing the least total error of all lines considered 
reliable. With three lines of position, the center is considered that point, within the 
triangle, which is equidistant from the three sides. It may be found by bisecting the 
angles, but more commonly it is located by eye. If a fix outside the triangle is to be 
used, and eye interpolation is not considered sufficiently reliable, the point can be 
found by bisecting two external angles and the internal angle at the third intersection. 
If a constant error is assumed, the most probable position of the fix can always be 
found, whether within or outside the triangle, by bisecting the angle formed by azimuth 
lines originating at each intersection. 

The matter of navigational errors as applied to this problem is further discussed 
in chapter X XIX. 

1708. A running fix (R fix), in celestial navigation, is a position obtained by 
observations separated by a considerable time interval, usually several hours. The 
usual occasion for a running fix is the availability of a single celestial body for observa- 
tion, generally the sun. The delay between observations is usually to permit the 
azimuth to change sufficiently to provide a good angle of cut between lines of position. 
Thus, the sun may be observed about 0900, and again about noon. 

Generally, a longer wait results in a more nearly perpendicular intersection of 
the two lines of position, but it may also increase the error of the advanced line. The 
earlier line is advanced for the course and distance made good. The ability with 
which these can be predicted determines the accuracy of the running fix, assuming 
accurate observation, sight reduction, and plotting. For this reason it is impractical 
to set a specific time limit upon the advancement of a line of position. This should be 
determined by the conditions of each situation, in the best judgment of the navigator. 
Experience is valuable in acquiring such judgment. 

When an observation of a single body is made, with the intent of later advancing 
it to obtain a running fix with a second observation, the line of position should be 
plotted for the time of observation, regardless of the method used for advancing it, 
for the single line usually provides some useful information, as indicated in article 
1704. 

Allowance for current, when advancing a line of position, can be made by solving 
a vector diagram, as indicated in article 807, to determine the course and speed made 
good. An alternative method is to advance the AP or line without allowance for 
current, and then to advance it a second time in the direction of set of the current, 
for a distance equal to the drift multiplied by the number of hours between the time 
of observation and the time to which the line is advanced. This method is illustrated 
in figure 1708a. The distance AB is equal to the distance between the 0800 and 1152 
DR positions. The direction BC is the estimated set of the current, and the length BC 
is the distance through which the current is assumed to act. 

A third method provides accurate results even when a reliable estimate of the 
current is not available, provided (1) a good fix was obtained several hours before the 
time of observation, and (2) the average current between the time of the previous fix 
and the time of observation can be assumed to continue until the time to which the 
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0800 


Fieure 1708a.—Advancing a line of position with allowance for current, 
without determining course and speed made good. 


line is to be advanced. This method is illustrated in figure 1708b. The 0510 fix 
is shown at the left, and the DR positions at 0830 and 1215, the ship being on course 
074°, speed 12 knots. The sun is observed at 0830 and again at 1215, and it is desired 
to advance the earlier line to obtain a running fix at 1215. The lines of position at 
0830 and 1215 are plotted. To advance the 0830 line of position, the distance AB 
is assumed to increase uniformly with time interval from 0510. The interval to 0830 


b m 
is 3520", and that to 1215 is 7°05". Therefore, A'B! = ABX Go = ABX2.1. The 


advanced line of position is drawn through B’, parallel to the original line through B. 
The running fix is at the intersection of the 1215 line and the advanced 0830 line. 
The set of the average current between 0510 and 0830 is the direction from A’ 
to the 1215 running fix, and the drift is equal to this distance divided by 7°05". The 
direction of a straight line (not shown) from the 0510 fix to the 1215 running fix is 


0510 
FIX 


Figure 1708b.—Advancing a line of position without previous knowledge of the current. 
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the course made good between 0510 and 0830, and the length of this line divided by 
the time (7°05) is the speed made good to 0830. 

The points B and B’ need not be at the intersection of the lines of position and 
the course line. Any point on the line of position can be used, and the line A’B’ 
drawn parallel to AB. Changes of course and speed do not affect the accuracy of the 
solution as long as A’B’ is parallel to AB. 

Several other variations are possible. A convenient one is to measure the dis- 
tance from the earlier fix to point B, and divide this by the time to determine an “as- 
sumed” speed (based upon the assumption that point B represents the position of the 
vessel at the time of observation), and then to use this speed to advance the line of 
position. This variation should not be used without adjustment if a change of course 
or speed is involved between the earlier fix and the time to which the line is to be 
advanced. 

This method should be used with caution. Any error in either the earlier fix 
or the first line of position is increased in proportion to the elapsed time. Thus, in 
figure 1708b, if AB is in error by one mile, A’B’ is in error by 2.1 miles. It should 
not be used when there is reason to suspect a change in current between fixes. 

1709. Celestial navigation and dead reckoning.—As indicated in chapter VIII, 
dead reckoning consists of advancing a known position for courses and speeds. Some 
difference in technique arises from a difference of opinion among navigators on the 
definition of (1) “known position” and (2) courses and speeds. 

Regarding the first, no position determined by celestial navigation as commonly 
practiced at sea is known with perfect accuracy. An average error of two miles is 
realistic. Because of the varying conditions encountered, it is difficult to establish 
limits of a “known” position. In general, however, a reasonably reliable fix or running 
fix is considered sufficiently accurate to justify a new start in the dead reckoning. An 
estimated position or a fix or running fix of doubtful accuracy is considered an indi- 
cation, but an inconclusive one, of the error in the dead reckoning. Therefore, it is 
considered good practice to avoid starting a new dead reckoning track from such a 
position unless there is a compelling reason for doing so. After long experience and 
the development of sound judgment, a navigator might acquire great skill in establish- 
ing a most probable position of sufficient reliability to justify more frequent breaks 
in the continuity of the dead reckoning, but even under these conditions any reasonable 
element of doubt should be given great respect. 

What has been said regarding “known position’’ applies, also, in large measure to 
course and speed. The course steered and the speed at which a ship is being driven 
forward by its engines can be determined with relatively little error. Allowance for 
wind and current is a matter largely of judgment based upon experience. If the dead 
reckoning is to be meaningful, considerable caution should be exercised in allowing for 
wind and current when determining the course and speed to use for plotting. In the 
absence of information of a high degree of reliability, it is considered prudent to deter- 
mine dead reckoning without allowing for estimated effects of wind and current. 

In the absence of better information, then, it is considered good practice to start 
a new dead reckoning track only from a reliable fix or running fix, and to use courses 
and speeds without allowance for wind and current. This does not mean, however, 
that the navigator should not continually be aware of the possibility of error in his 
position as determined by dead reckoning, nor should he fail to make an estimate of 
the size and direction of the error. In this ability, and that of accurately interpreting 
all navigational information received, lies the test of a good navigator. This is largely 
the art of navigation, as distinguished from the somewhat mechanical process of making 
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observations and computing and plotting the results, and also from the science of 
devising the aids that are used in modern navigation. 

When it is desired to determine ‘‘average current,’’ this expression being used to mean 
the resultant of all dead reckoning errors, the dead reckoning should be run forward 
from a fix (not a running fix) to the time of the next fix (or running fix if the method 
of art. 1708 is used). A dead reckoning position determined in any other way is not 
usable, unless it is adjusted to provide a “no-current” position. A straight line con- 
necting such a dead reckoning position and the fix at the same time indicates the 
current. The direction of the line from the DR position to the fix is the set of the cur- 
rent, and the length of this line divided by the number of hours since the last fix is the 
drift, as in piloting. 

Problems 


A plotting sheet such as H.O. 3000-9Z (or 3000-5), covering latitudes 27° to 30° 
north and south is needed for most of the problems of this chapter. If this is not avail- 
able, one can be constructed by means of table 5, as explained in article 307; or small 
area plotting sheets can be constructed as explained in article 324. 

1703a. In each of the following, determine the altitude difference, a, and label it 
T or A, as appropriate: 


He Ho 
(1) TRe2Z1e4 18°25/9 
(2) ho U2ee B20 60 
(3) (—)0°05'2 (—)0°1277 
(4) (—)0°11/1 0°01/1 


Answers.—(1) a 4.57, (2) a 27.2A, (3) a 7.54, (4) @ 12.27. 
1703b. The 0930 DR position of a ship is lat. 29°20/4N, long. 130°25'2W. At 
this time the navigator observes the sun, and computes He and Zn for the 0930 DR 
position, as follows: He 45°42'9, Ho 45°50/2, Zn 157°3. As a check, he also solves 
the same sight for an assumed position of lat. 29°00‘0N, long. 130°30/0 W, with the 
following results: He 46°00!0, Zn 157°0. 
Required.—Plot the two lines of position, and account for the result. 
Answer.—The two lines of position plot as approximately the same line, which is 
not dependent upon the assumed position, but only upon the observed altitude and 
the time of observation. 
1705a. The 0500 fix of a ship is lat. 27°10/0N, long. 142°55'5W. The ship is on 
course 068°, speed 9 knots. At 0800 the navigator observes the sun, with the following 
results: 
a 6.6T aL, 27°00/0N 
Zn 105°0 ay 142°39/1 W 


The current since the morning fix is estimated to set 130°, at a drift of 1.4 knots. 

Required —(1) The 0800 DR position. 

(2) The 0800 EP if there were no observation, and no current was anticipated. 

(3) The 0800 EP using the current, if there were no observation. 

(4) The 0800 EP using the line of position, but not the current. 

(5) The 0800 EP using all available information. 

Answers.—(1) 0800 DR: L 27°20°0N, » 142°27/2W; (2) 0800 EP without current 
and line of position: L 27°20‘/0N, » 142°27/2 W; (3) 0800 EP with current but no line 
of position: L.27°17/4.N, \ 142°23'5 W; (4) 0800 EP with line of position but no current: 
L 27°19/5N, d 142°25/3 W; (5) 0800 EP with current and line of position: L 27°18:7N, 


¥142°26.8 Ww. 
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1705b. The 0580 fix of a ship is lat. 28°55/8 N, long. 161°51/!7E. The ship is on 
course 060°, speed 10 knots. At 0830 the navigator observes the sun, with the follow- 
ing results: 
a 6.7A aL, 29°00/0N 
Zn 110°0 an 162°28'9 HK 


Required.—(1) The 0830 EP if the course is believed to have been made good, and 
the line of position is considered accurate. 

(2) The 0830 EP if the speed is believed to be correct, and the line of position is 
considered accurate. 

(3) The 0830 EP if the course and speed are considered of equal reliability, and 
the line of position is considered accurate. 

(4) The 0830 EP if the course is of questionable accuracy, but considered more 
reliable than the speed, and the line of position is considered accurate. 

(5) The 0830 EP if the speed is of questionable accuracy, but considered more 
reliable than the course, and the line of position is considered accurate. 

(6) The 0830 EP if the course is believed to have been made good, and the error 
contributed by the uncertainty of the line of position is believed to be twice that 
contributed by the uncertainty of the speed. 

Answers.—(1) 0830 EP: L 29°13/5N, » 162°26'3E; (2) 0830 EP: L 29°06/5N, 
A 162°23°6 E; (3) 0830 EP: L 29°09/8N, d 162°25/0E; (4) 0830 EP: any place between 
(1) and (3); (5) 0830 EP: any place between (2) and (3); (6) 0830 EP: L 29°11/4N, 
d 162°22'8 EK. 

1707a. At 1740 the navigator and two assistants observe simultaneously three 
stars, with the following results: 


Fomalhaut Deneb Aldebaran 
He. 28°10'3 34°59/6 39°52°8 
Ho 28°05/3 30; 00n6 39°46/8 
Zn 210°0 308°7 089°3 
aL 28°00/0N 28°00/0N 28°00/0 N 
GX 42°31'7 W 42°29'0 W a 2a 


Required.—The 1740 fix. 

Answer.—1740 fix: L 28°06/6 N, A 42°30/5 W. 

1707b. The 1800 DR position of a ship is lat. 27°02/2 N, long. 170°17'0W. The 
ship is on course 045°, speed 14 knots. During evening twilight the navigator observes 
three stars, with the following results: 


Dubhe Altair Spica 
Time 1815 1821 1830 
He 34°45/2 22°1128 47°24'8 
HO, 8425148 22 clon 7, 47°20'4 
AR M23 125 090°3 219°9 
aL, 27°00/0N 27°00/0 N 27°00/0N 
ad 170°10/2W 170°05'0 W 169°54'8 W 


Required.—The 1830 fix. 
Answer.—1830 fix: L 27°11'5N, d 170°00/5 W. 
1707c. The 1930 DR position of a ship is lat. 29°10/5S, long. 122°35’4W. The 
ship is on course 320°, speed 16 knots. During evening twilight the navigator observes 
a planet and two stars, with the following results: 
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Saturn Regulus Rigil Kent. 
Time 1931 1942 1951 
He 46°58'5 53°04/0 24°19/5 
Ho 46°55/5 53°09/3 24°30/0 
Zn 023°5 170°2 297°6 
aL, 29°00/0S 29°00/0S 29°00/08S 
any 122°55'0W 122°45'1W 122°35'2W 


Required.—The 1942 fix. 

Answer.—1942 fix: L 29°05/3S, \ 122°47/4W. 

1707d. The 0500 DR position of a ship is lat. 29°53/9N, long. 69°32'1W. The 
ship is on course 130°, speed 13 knots. During morning twilight the navigator observes 
a planet and two stars, with the following results: 


Mars Kochab Spica 
Time 0451 0502 — 0511 
He 17°14'1 38°26/2 Berns yay 
Ho 17°24'5 38°19'2 33°47/8 
this Bea 30ac2 23/:9 
aL, 30°00/0N 30°00/0 N 30°00/0 N 
an 69°41/'7W 69°30/0 W 69°18'3 W 


Required.—The 0500 fix. 

Answer.—0500 fix: L 29°54/0N, » 69°30°'5 W. 

1707e. The 0930 DR position of a ship is lat. 28°40/4N, long. 125°30'4E. The 
ship is on course 220°, speed 25 knots. The navigator observes the sun and moon, and 
solves each sight from the DR position at the time of sight, with the following results: 


Sun Moon 
Time 0936 0943 
He 54°24/3 37°07/9 
HO’ 25472673 af 1407 
Zn 200°2 142°6 


Required.—The 0943 fix. 

Answer.—0943 fix: L 28°32/1N, \ 125°32‘3E. 

1707f. A ship is on course 314°, speed 24 knots. During evening twilight the 
navigator observes two stars and the moon, and solves all three sights using assumed 
latitude 28°00/0S, assumed longitude 41°19/5 W as the AP, with the following results: 


Peacock Moon Alpheratz 
Time 1855 1900 1905 
Heb 7512.6 66°58/2 23°00'5 
Ho 57°17'9 67°01/2 22 pod 
Zn 194°7 300°5 038°2 


Required.—The 1900 fix. 

Answer.—1900 fix: L 28°03/5S, \ 41°26'5 W. 

1707g. The 0400 DR position of a ship is lat. 27°01'8N, long. 51°36‘0 E. The 
ship is on course 037°, speed 20 knots. At 0545 the course is changed to 309°. During 
morning twilight the navigator observes two stars, with the following results: 


Vega Alpheratz 
Time 0537 0602 
oe 45T Ciciad f 
Zn 300°5 075°7 
aL 27°00!0N 27°00:0 N 


ay §1°45'2 EK 51°50/1E 
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Required.—The 0602 fix. 


Answer.—0602 fix: L 27°28/1 N, \ 51°51/1 E. 
1707h. The 0600 DR position of a ship is lat. 27°50/3 N, long. 20°58/2W. The 


ship is on course 000°, speed 20 knots. 


four stars, with the following results: 


Dubhe 
0551 
29°0171 
28°53°4 
330°0 
aL, 28°00/0N 
an 20°54'6 W 


Required.—The 0600 fix. 


Time 
He 
Ho 
Zn 


Kaus Aust. 
0554 
2175768 
Zoateen 
149°7 
28°00/0 N 
21°08'4 W 


Spica 

0558 
37°59/4 
38°03/5 
23370 
28°00/0 N 
20°56/7 W 


Answer.—0600 fix: L 27°53/5 N, \ 20°55/0 W. 
17071. The 1815 DR position of a ship is lat. 29°41/5 S, long. 163°52'3W. The 
ship is on course 295°, speed 18 knots. During evening twilight the navigator ob- 
serves three stars, with the following results: 


Regulus 

1810 
45°18'6 
45°26/2 
040°2 
30°00/08S 
163°45/0 W 


d 163°50/6 W. 


Pollux 
1815 
3D. DOO. 7. 
36°03/4 
aod 


30°00/0S 
163°49'8 W 
Required.—(1) The 1815 fix, assuming random errors. 


(2) The 1815 fix, assuming a constant error. 
Answers.—(1) 1815 fix: L 29°47/2S, » 163°51/2 W; 
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During morning twilight the navigator observes 


Vega 

0604 
§4°33/1 
54°28'5 
05723 
28°00'0 N 
20°51 SOW 


Aldebaran 
1821 
22°50/8 

yp da Se ly 
300°5 
30°00/0S 
163°54/0 W 


(2) 1815 fix: L 29°51/48, 


1708a. The 0830 DR position of a ship is lat. 29°25/4 S, long. 9°34/7E. The ship 


is on course 326°, speed 22 knots. 


at 1200, with the following results: 


Time 
a 

Zn 
aL 
an 


Sun 

0830 
15.2A 
062°3 
29°00/0S 
9°37/0 EB 


Required.—The 1200 running fix. 
Answer.—1200 R fix: L 28°31'6 S, \ 8°50/0 E. 


1708b. The 0900 DR position of a ship is lat. 28 


ship is on course 220°, 
110° and a drift of 1.5 knots. 


Time 
a 

Zn 
al 
an 


Sun 

1200 
28.4A 
169°5 
29°00/0S 
8°52/1E 


°05'6 N, long. 93°44/0 W. 
speed 20 knots, and is believed to 


The sun is observed during the morning, and again 


The 
be in a current with set of 


The sun is observed during the morning, and again 
at 1200, with the following results: 


Sun 

0900 

Me T 
103-2 
28°00/0 N 
93°54/0 W 


Sun 

1200 
17.0A 
17270 
27°00/0 N 
94°38/9 W 
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Required.—The 1200 running fix. 

Answer.—1200 R fix: L 27°19/8 N,  94°17/5 W. 

1708¢c. The 0715 fix of a ship is lat. 28°28/9S, long. 81°14/8 W. The ship is on 
course 120°, speed 15 knots. During the morning the sun is observed twice, with the 
following results: 


Sun Sun 
Time 0945 1200 
a 94A 0 
Zn 095°0 005°0 


aL 29°00/08S 29°00/05 
an 80°26'1 W 80°11'2 W 


Required.—(1) The 1200 running fix, allowing for current. 

(2) Set and drift of the current. 

(3) Course made good between 0715 and 0945. 

Answers.—(1) 1200 R fix: L 29°010S,  80°00‘2 W; (2) set 049°, drift 1.1 kn.; 
(3) course made good 116°0. 

1708d. The 0500 fix of a ship is lat. 28°36'5 N, long. 143°22‘'0E. The courses 
and speeds during the morning are as follows: 


Time Course Speed 
0500 047° 24 kn. 
0600 102° 20 kn. 
0715 038° 16 kn. 
0845 075° 19 kn. 
1000 030° 23 kn. 
1045 085° 25/ken. 
During the morning the sun is observed twice, with the following results: 
Sun Sun 
Time 0915 1200 
a 88A 20.0A 
Zit 12520 191°7 


aL, 29°00‘0N 29°00‘0N 
an 144°44/8E 145°29'8 E 

Required.—(1) The 1200 running fix, allowing for current. 

(2) Set and drift of the current. 

(3) Course and speed made good between fixes, assuming no change in current. 

Answers.—(1) 1200 R fix: L 29°20/0N, » 145°33/0E; (2) set 200°, drift 1.7 
kn.; (3) course made good 070°, speed made good 17.7 kn. 

1709a. The 0400 DR position of a ship is lat. 27°41/85S, long. 64°54‘0E. This 
position has been run forward from a fix at 1715 the previous evening. The ship is 
on course 215°, speed 19 knots, but at 0600 the course is changed to 125°. At 0715 
a fix locates the ship at lat. 28°23/0S, long. 65°04'3 E. 

Required.—Set and drift of the current between fixes. 

Answers.—Set 073°, drift 1.0 kn. 

1709b. The 0500 fix of a ship is lat. 27°09/0N, long. 158°09'5W. The ship is 
on course 310°, speed 14 knots. At 1155 a running fix locates the ship at lat. 28°01'2 
N, long. 159°33/2W. A new dead reckoning plot is started from this position. At 
1900 a star fix is obtained, locating the ship at lat. 28°57/8N, long. 160°54'9 W. 

Required —Set and drift of the average current between morning and evening 
fixes. 

Answers.—Set 167°, drift 1.2 kn. 


CHAPTER XVIII 
THE ALMANAC 


1801. Introduction.—A requirement of celestial navigation is the availability of 
accurate predictions of the positions of the celestial bodies used. These predictions, 
with respect to the celestial equator system of coordinates (art. 1426), are contained in 
three publications of the United States Naval Observatory. Recent minor modifica- 
tions to these publications have not been incorporated in this printing. The solution 
for a celestial line of position consists principally of the conversion of tabulated coor- 
dinates to those on the horizon system of coordinates (art. 1428). 

The American Ephemeris and Nautical Almanac gives, to a high precision, de- 
tailed information on a large number of celestial bodies. This annual publication is 
arranged to suit the convenience of the astronomer, for whom it is primarily intended. 
The ephemeris is not needed for ordinary purposes of navigation, although it contains 
some information of general interest, such as various astronomical constants, details of 
eclipses, information on planetary configurations (art. 1422), and miscellaneous 
phenomena. Each volume of the ephemeris contains instructions for its use. 

The American Nautical Almanac, an annual publication, contains the astro- 
nomical information needed by the marine navigator. It is conveniently arranged to 
suit his needs, and the information is tabulated to a practical degree of precision (art. 
03), in general to the nearest 0/1 of arc and 18 of time, at hourly intervals. Beginning 
with the edition for 1958, this volume is a joint publication of the U. S. Naval Observa- 
tory and the British Admiralty, and incorporates a number of changes from previous 
editions. Extracts from the Nautical Almanac for that year are given in appendix V. 
These extracts, illustrating the various features of that publication, can be used in the 
solution of the various illustrative and sample problems of the present volume. 

The Air Almanac, published three times per year, is intended primarily for air 
navigators. In general, the information is similar to that of the Nautical Almanac, 
but is given to a precision of 1’ of arc and 18 of time, at intervals of 10™ (recent editions 
give values for the sun and Aries to a precision of 0/1). This publication is suitable 
for ordinary navigation at sea, but may lack the precision that is sometimes needed. 
The Air Almanac is a joint publication of the U.S. N aval Observatory and the British 
Air Council. Extracts from the Air Almanac are given in appendix W. 

A highly abbreviated, long-term almanac is given in appendix X. Because of the 
large intervals between entries, and the fact. that no provision is made for nutation, 
information taken from this almanac may be of reduced accuracy. Although this 
accuracy is sufficient for most purposes of navigation, the almanac is not as convenient 
to use as either of those published by the U. S. Naval Observatory, and is not recom- 
mended when one of them is available. Instructions for its use are included in 
appendix X. 

1802. American Nautical Almanac.—The major portion of the Nautical 
Almanac is devoted to hourly tabulation of Greenwich hour angle and declination, to 
the nearest 0/1 of arc. On each set of facing pages, information is given for three con- 
secutive days. On the left-hand page, successive columns give GHA of Aries and both 
GHA and declination of Venus, Mars, Jupiter, and Saturn, followed by the SHA and 
declination of 57 stars. The GHA and declination of the sun and moon, and the 
horizontal parallax of the moon, are given on the right-hand page. Where applicable, 


the quantities v and d are given to assist in interpolation. The quantity v is the differ- 
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ence between the actual change of GHA in one hour and a constant value used in the 
interpolation tables, while d is the change in declination in one hour. Bothv and d are 
given to the nearest 0/1. To the right of the moon data is given the LMT (art. 1911) 
of sunrise, sunset, and beginning and ending of nautical and civil twilight for various 
latitudes from 72°N to 60°S. The LMT of moonrise and moonset at the same 
latitudes is given for each of the three days for which other information is given, and 
for the following day. Magnitude (art. 1405) of each planet at GMT 1200 of the middle 
day is given at the top of the column. The GMT (art. 1907) of transit across the 
celestial meridian of Greenwich is given as ‘‘Mer. Pass.’’ The value for the first point 
of Aries for the middle of the three days is given to the nearest 0™1 at the bottom of 
the Aries column. The time of transit of the planets for the middle day is given to 
the nearest whole minute, with SHA (at GMT 0000 of the middle day) to the nearest 
0'1, below the list of stars. For the sun and moon, the time of transit to the nearest 
whole minute is given for each day. For the moon, both upper and lower transits are 
given. This information is tabulated below the rising, setting, and twilight information. 
Given there, also, are the equation of time for 0" and 12%, and the age and phase of the 
moon (art. 1423). Equation of time is given, without sign, to the nearest whole second. 
Age is given to the nearest whole day. Phase is given by symbol. 

The main tabulation is preceded by a list of religious and civil holidays, phases 
of the moon, a calendar, information on eclipses occurring during the year, and notes 
and a diagram giving information on the planets. 

The main tabulation is followed by explanation and examples. Next are four 
pages of standard times (zone descriptions) in use in various places in the world. Star 
charts are given next, followed by a list of 173 stars in order of increasing sidereal hour 
angle. This list includes the stars given on the daily pages. It gives the SHA and 
declination each month, and the magnitude. Stars are listed by Bayer’s name and also 
by popular name where there is one. Following the star list are three pages of Polaris 
tables giving the azimuth and the corrections to be applied to the observed altitude to 
find the latitude. Next is a table for converting arc to time units. This is followed by 
a 30-page table called ‘Increments and Corrections,” used for interpolation of Green- 
wich hour angle and declination. This table is printed on tinted paper, for quick 
location. Then come tables for interpolating for times of rising, setting, and twilight). 
followed by two indices of the 57 stars listed on the daily pages, one index being in 
alphabetical order, and the other in order of decreasing SHA. 

Sextant altitude corrections are given at the front and back of the almanac. 
Tables for the sun, stars, and planets, and a dip table, are given on the inside front 
cover and facing page, with an additional correction for nonstandard temperature and 
atmospheric pressure on the following page. Tables for the moon, and an abbreviated 
dip table, are given on the inside back cover and facing page. Use of the altitude 
correction tables is explained in chapter XVI. Corrections for the sun, stars, and 
planets for altitudes greater than 10°, and the dip table, are repeated on one side of a 
loose bookmark. The star indices are repeated on the other side. 

1803. Air Almanac.—As in the Nautical Almanac, the major portion of the Av 
Almanac is devoted to a tabulation of GHA and declination. However, in the Azr 
Almanac values are given at intervals of ten minutes, to a precision of 1’. Values are 
given for the sun, first point of Aries (GHA only), the three navigational planets most 
favorably located for observation, and the moon. The magnitude of each planet listed 
is given at the top of its column, and the phase of the moon is given at the top of its 
column. Values for the first 12 hours of the day are given on the right-hand page, and 
those for the second half of the day on the back. In addition, the right-hand page has 
a table of the moon’s parallax in altitude, and below this the semidiameter of the sun, 
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and both the semidiameter and age of the moon (art. 1423). To the right of this is an 
ecliptic diagram, explained in article 2209. The afternoon side of each daily page in- 
cludes the LMT of sunrise, sunset, moonrise, and moonset ; duration of civil twilight; and 
a difference column for finding the time of moonrise and moonset at any longitude. 

Critical tables for interpolation for GHA are given on the inside front cover, which 
also has an alphabetical listing of the stars, with the number, magnitude, SHA, and 
declination of each. The inside of the back cover has the same refraction table and 
Coriolis correction table given in H.O. Pub. No. 249. The outside back cover has a 
correction table for dip of the horizon, and a table of contents. 

Following the daily pages are instructions for use of the almanac ; a list of symbols 
and abbreviations in English, French, and Spanish; a list of time differences between 
Greenwich and various other places; a number of sky diagrams (art. 2212); information 
on setting the astrograph (art. 2123); polar sunlight, twilight, and moonlight diagrams; 
corrections to times of sunrise and sunset when observed from flight altitudes; a table 
for converting are to time; interpolation tables for finding time of moonrise and moon- 
set at any longitude; a star list similar to that given on the inside front cover, but in 
order of decreasing SHA; a list of the names and numbers of the stars used in H.O. 
Pub. No. 249, those in H.O. Pub. No. 218, and those which can be used by declination 
entry in H.O. Pub. No. 249, in addition to those listed by name; and an explanation of 
the navigational star chart, and the chart itself. The inside front cover page is re- 
peated on the back of the star chart. Also given there are a single Polaris correction 
table, a standard aircraft astrodome refraction table, and a special refraction table for 
use with H.O. Pub. No. 218. 

Minor modifications and changes to some of the foregoing items have been made 
in recent editions of the Air Almanac. 

1804. Use of the almanacs.—The time used as an entering argument in the al- 
manacs is GMT, and the information given is for the Greenwich meridian. 

Tabulated information taken from the almanacs, as from any tables, should not be 
recorded to a greater precision than tabulated. The units in which values are given 
are shown at the tops of the columns. 

The use of work forms, such as those shown in appendix Q, permits concentration 
on the extraction of data, with no need for dividing one’s attention between this and 
thought regarding the order of work. It also simplifies the taking of all needed in- 
formation from the double page to which the almanac is open, before turning to a dif- 
ferent part of the almanac. 

If the entering arguments are exactly those of any table, the desired value is taken 
directly from the table. Often, however, this is not the case, and the detailed instruc- 
tions in the following articles relate principally to the method of interpolating in the 
various tables. Since Greenwich hour angle is measured in a westerly direction, the 
same direction as the apparent motion of celestial bodies, the tables are customarily 
entered with the next earlier tabulated time, with interpolation toward a later time. 
The correction to be applied for a fractional part of an hour is then always additive. If 
the sum exceeds 360°, this amount is subtracted. 

In the Nautical Almanac, v is always positive unless a negative sign (-) is given. 
This can occur only in the case of Venus. For the sun, the tabulated values of GHA 
have been adjusted slightly to minimize the error of interpolation, so that no v value 
need be given. No sign is given for tabulated values of d, which can be considered 
positive if declination is increasing, and negative if it is decreasing. The sign of a v or 
d value is given also to the related correction. 

In the Air Almanac the tabulated declination values are those for the middle 
of the interval between the time indicated and the next following time for which a value 
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is given. It is intended that declination be taken from the tables without interpolation. 

1805. Finding GHA and declination of the sun.—Nautical Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless this time 
is itself a whole hour, and take out the tabulated GHA and declination. Record, also, 
the d value given at the bottom of the declination column. Next, enter the increments 
and corrections table for the number of minutes of GMT. If there are seconds, use 
the next earlier whole minute. On the line corresponding to the seconds of GMT take 
the value from the sun-planets column. Add this to the value of GHA from the daily 
page to find GHA at the given time. Next, enter the correction table for the same 
minute with the d value, and take out the correction. Give this the sign of the d value, 
and apply it to the declination from the daily page. The result is the declination at 
the given time. 

Example 1.—Find the GHA and declination of the sun at GMT 18"24™37* on 
June 1, 1958, using the Nautical Almanac. 


Solution.— 
Sun Sun 
GMT 18"24™378 June 1 GMT 18*24™378June 1 
LS pv00564)6 18"... 122°0374N ad 
243 7° 6°09/3 corr. (+)0/1 (+)0/3 
GHA 96°43/9 depen 22°03.25N 


The correction table for GHA of the sun is based upon a rate of change of 15° 
per hour, the average rate during a year. At most times the rate differs slightly from 
this. The slight error thus introduced is minimized by the method of tabulation. 
The tabulated values are adjusted for half the error during the hour following the time 
of tabulation. Therefore, instead of increasing for an hour following the entry time, 
the error decreases for the first half hour, to zero, and then increases during the second 
half hour, and the maximum error is only about half what it would be if unadjusted 
values were used. The greatest error thus introduced is about 0'1. An additional 
small error may be introduced by rounding off base and correction values to the nearest 
0’'1. More exact values can be obtained by interpolating between the values for the 
half hours, or by referring to the ephemeris. 

The d value is the amount that the declination changes between 1200 and 1300 on 
the middle day of the three shown. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this time is itself a whole 10", and extract the tabulated GHA and decli- 
nation, without interpolation. The tabulated declination is correct for the time 30™ 
later than that tabulated, so that interpolation during the hour following tabulation 
is not needed for most purposes. Next, enter the “interpolation of GHA” table on the 
inside front cover, using the “sun, ete.’’ entry column, and take out the value for the 
remaining minutes and seconds of GMT. If the entry time is an exact tabulated value, 
use the correction given half a line above the entry time. Add this correction to the 
GHA taken from the daily page to find the GHA at the given time. No adjustment of 
declination is needed. 

Example 2.—Find the GHA and declination of the sun at GMT 18"24™37* on 
June 1, 1958, using the Air Almanac. 


Solution.— 
Sun 
GMT 185247378 June 1 
18'20" 95°35’ 
4u37" 1°09’ 
GHA 96°44’ 
d 22°04’N 
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1806. Finding GHA and declination of the moon.—Nautical Almanac. Enter 
the daily-page table with the whole hour next preceding the given GMT, unless this 
time is itself a whole hour, and take out the tabulated GHA and declination. Record, 
also, the corresponding » and d values tabulated on the same line, and determine the 
sign of the d value. The v value of the moon is always positive (+), and is not marked 
in the almanac. Next, enter the increments and corrections table for the minutes of 
GMT, and on the line for the seconds of GMT take the GHA correction from the 
moon column. Then, enter the correction table for the same minute with the v value, 
and extract the correction. Add both of these corrections to the GHA from the daily 
page to obtain the GHA at the given time. Then, enter the same correction table 
with the d value, and extract the correction. Give this correction the sign of the d 
value, and apply it to the declination from the daily page to find the declination at the 
given time. 

Example 1.—Find the GHA and declination of the moon at GMT 21"25™44 on 
June 1, 1958, using the Nautical Almanac. 


Solution.— 
Moon Moon 
GMT 21525744*June 1 GMT 21°25™44° June 1 
21° 315°01/6 21" 18°46’3S d 
25™448 6°08/4 py corr. (+)1/0 (+)2/4 
corr. 2/4(+) 5/6 d 18°47/3S 


GHA 321°12/4 


The correction table for GHA of the moon is based upon the minimum rate at 
which the moon’s GHA increases, 14°19/0 per hour. The v correction makes the ad- 
justment for the actual rate. The v value itself is the difference between the minimum 
rate and the actual rate during the hour following the tabulated time. The d value is 
the amount that the declination changes during the hour following the tabulated time. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this time is itself a whole 10™, and take out the tabulated GHA and the 
declination, without interpolation. N ext, enter the “interpolation of GHA” table on 
the inside front cover, using the “moon” entry column, and take out the value for the 
remaining minutes and seconds of GMT. If the entry time is an exact tabulated value, 
use the correction given half a line above the entry time. Add this correction to the 
GHA taken from the daily page to find the GHA at the given time. No adjustment of 
declination is needed. 

Example 2.—Find the GHA and declination of the moon at GMT 21°25™445 on 
June 1, 1958, using the Air Almanac. 

Solution.— 

Moon 
GMT 21°25™44° June 1 
21°20"  319°49” 
5™448 1°23% 
GHA = 21°12’ 
d 18°47’S 

The declination given in the table is correct for the time five minutes later than 
tabulated, so that it can be used for the ten-minute interval without interpolation, to an 
accuracy to meet most requirements. If greater accuracy is needed, it can be obtained 
by interpolation, remembering to allow for the five minutes indicated above. 

1807. Finding GHA and declination of a planet.—Nautical Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless the time 
itself is a whole hour, and take out the tabulated GHA and declination. Record, also, 
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the v value given at the bottom of each of these columns. Next, enter the increments 
and corrections table for the minutes of GMT, and on the line for the seconds of GMT 
take the GHA correction from the sun-planets column. Next, enter the correction 
table with the v value and extract the correction, giving it the sign of the v value. Add 
the first correction to the GHA from the daily page, and apply the second correction 
in accordance with its sign, to obtain the GHA at the given time. Then, enter the 
correction table for the same minute with the d value, and extract the correction. 
Give this correction the sign of the d value, and apply it to the declination from the 
daily page to find the declination at the given time. 

Example 1.—¥ind the GHA and declination of Venus at GMT 5"24™07% on June 2, 
1958, using the Nautical Almanac. 


Solution.— 
Venus Venus 
GMT 55247078 June 2 GMT 55247075 June 2 
5P 295°21'8 BY 905307 Nia, 
24°07" ~ 6°018” » corr. (+) 074 (+) 1/0 
corr. (—)0/1 (—)0'3 d 9°54/1N 


GHA 301°23/5 


The correction table for GHA of planets is based upon the mean rate of the sun, 
15° per hour. The v value is the difference between 15° and the change of GHA of 
the planet between 1200 and 1300 on the middle day of the three shown. The d value 
is the amount that the declination changes between 1200 and 1300 on the middle day. 

Venus is the only body listed which ever has a negative v value. 

Air Almanac.—Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this time is itself a whole 10™, and extract the tabulated GHA and declina- 
tion, without interpolation. The tabulated declination is correct for the time 30™ later 
than tabulated, so that interpolation during the hour following tabulation is not needed 
for most purposes. Next, enter the “interpolation of GHA”’ table on the inside front 
cover, using the “sun, etc.’”’ column, and take out the value for the remaining minutes 
and seconds of GMT. If the entry time is an exact tabulated value, use the correction 
half a line above the entry time. Add this correction to the GHA from the daily page 
to find the GHA at the given time. No adjustment of declination is needed. 

Example 2.—Find the GHA and declination of Venus at GMT 5"48™45° on June 2, 
1958, using the Air Almanac. 


Solution.— 
Venus 
GMT 5°48™45* June 2 
5°407 9305022" 
8™458 2°114 
5 GHA 307°33’ 


d.. .9°54’N 

The declination is taken for the next earlier tabulated time, and is correct for 
GMT 5545". 

1808. Finding GHA and declination of a star.—If the GHA and declination of 
each navigational star were tabulated separately, the almanacs would be several times 
their present size. But since the sidereal hour angle (art. 1426) and declination are 
nearly constant over several days (to the nearest 0/1) or months (to the nearest 1’), 
separate tabulations are not needed. Instead, the GHA of the first point of Aries, 
from which SHA is measured, is tabulated on the daily pages, and a single listing of 
SHA and declination is given for each double page of the Nautical Almanac, and for an 
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entire volume of the Air Almanac. The finding of GHAT is similar to finding GHA 
of the sun, moon, and planets. 

Nautical Almanac. Enter the daily-page table with the whole hour next preceding 
the given GMT, unless this time is itself a whole hour, and take out the tabulated 
GHAY. Record, also, the tabulated SHA and declination of the star from the listing 
on the left-hand daily page. Next, enter the increments and corrections table for the 
minutes of GMT, and on the line for the seconds of GMT take the GHA correction 
from the Aries column. Add this correction and the SHA of the star to the GHAY of 
the daily page to find the GHA of the star at the given time. No adjustment of 
declination is needed. 

Example 1.—¥ind the GHA and declination of Canopus at GMT 3"24™33" on 
June 2, 1958, using the Nautical Almanac. 

Solution.— 

Canopus 
GMT 324338 June 2 
3" 295°04/8 
247338 6°09/3 
SHA 264°15/0 
GHA 205°29/1 
ds .52°40/6S 

The SHA and declination of 173 stars, including Polaris and the 57 listed on the 
daily pages, are given for the middle of each month, on almanac pages 268-273. For 
a star not listed on the daily pages this is the only almanac source of this information. 
Interpolation in this table is not necessary for ordinary purposes of navigation, but is 
sometimes needed for precise results. Thus, if the SHA and declination of B Crucis 
(Mimosa) are desired for March 1, 1958, they are found by simple eye interpolation to 
be SHA 168°40/2 and d 59927699: 

If GHA is desired, it is found as indicated in example 1, but omitting the addition 
of SHA of astar. In the example GHAT is 295°04’8+6°09'3=301°14/1. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this is itself a whole 10", and extract the tabulated GHAY?. Next, 
enter the “interpolation of GHA” table on the inside front cover, using the “sun, etc.” 
entry column, and take out the value for the remaining minutes and seconds of GMT. 
If the entry time is an exact tabulated value, use the correction given half a line above 
the entry time. From the tabulation at the left side of the same page, extract the 
SHA and declination of the star. Add the GHA from the daily page and the two 
values taken from the inside front cover to find the GHA at the given time. No 
adjustment of declination is needed 

Example 2.—Find the GHA and declination of Peacock at GMT 12°17™58° on 
June 1, 1958, using the Air Almanac. 

Solution.— 


Peacock 
GMT 125177585 June 1 
12510™ 71°58! 


77585 2°00’ 
SHA 54°24’ 
GEA" 1289007 

d 56°52’S 


1809. Rising, setting, and twilight.—In both almanacs the times of sunrise, sunset, 
moonrise, moonset, and twilight information at various latitudes between 72° N and 
60°S are given to the nearest whole minute. By definition, rising or setting occurs 
when the upper limb of the body is on the visible horizon, assuming standard refraction 
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for zero height of eye. Because of variations in refraction and height of eye, compu- 
tation to a greater precision than 1™ is not justified. For high elevations, as those 
encountered on a mountain overlooking the sea, or at flight altitudes, a correction 
table is provided in the Air Almanac. 

In high latitudes some of the phenomena do not occur during certain periods. 
The symbols used to indicate this condition are: 

© Sun or moon does not set, but remains continuously above the horizon. 

wa Sun or moon does not rise, but remains continuously below the horizon. 

//// Twilight lasts all night. 

The Nautical Almanac makes no provision for finding the times of rising, setting, 
or twilight in polar regions. The Air Almanac has graphs for this purpose. The use 
of these, and other sources of such information, are explained in article 2536. 

In the Nautical Almanac, sunrise, sunset, and twilight tables are given only once 
for the three days on each page opening, using average declination and equation of 
time. The results approximate the values for the middle day. For most purposes 
this information can be used for all three days. For more accurate results, the infor- 
mation can be taken from the Air Almanac, which has a table for each day. Both alma- 
nacs have moonrise and moonset tables for each day. 

The tabulations are in local mean time (art. 1911). On the zone meridian, this is 
the zone time (ZT). For every 15’ of longitude that the observer’s position differs 
from that of the zone meridian, the zone time of the phenomena differs by 1™, being 
later if the observer is west of the zone meridian, and earlier if he is east of the zone merid- 
ian. The local mean time of the phenomena varies with latitude of the observer, 
declination of the body, and hour angle of the body relative to that of the mean sun. 

Sunrise and sunset are also tabulated in the tide tables (from 76° N to 60° S) and 
in a supplement to the American ephemeris of 1946 entitled Tables of Sunrise, Sunset, 
and Twilight (from 75°N to 75°S). The meridian angle of any body at the time of 
its rising and setting can be computed by the formulas given in article 2536. The 
meridian angle of a body when its center is on the celestial horizon can be computed by 
the formula 

cos t=tan L tan d, 
where t is the meridian angle, L is the latitude, and d is the declination. Solutions of 
this formula are given in table 25, if the table is entered with a latitude 90° from the 
given latitude. This table can be used for this purpose only when latitude and declina- 
tion are of contrary name. 

1810. Finding time of sunrise and sunset.—Nautical Almanac. Enter the table 
on the daily page, and extract the LMT for the tabulated latitude next smaller than 
the observer’s latitude (unless this is an exact tabulated value). Apply a correction 
from table I on almanac page xxxii to interpolate for latitude, determining the sign of 
the correction by inspection. Then convert LMT to ZT by means of the difference 
in longitude (dd) between the local and zone meridians. 

Example.—Find the zone time of sunrise and sunset at lat. 43°31'4N, long. 
36°14'3 W on June 1, 1958. 


Solution.— 
L 43°31'4.N June 1 
d 36°14/3 W 

Sunrise Sunset 
40° 0433 ADS. m1922 
TI (—)11 TIVE) 13 
LMT 0422 LMT 1933 
dd (+) 25 dd (+) 25 


ZT 0447 ZT 1958 
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Air Almanac. The procedure is the same as that for the Nautical Almanac, except 
that correction for latitude is made by linear interpolation directly from the tabulation, 
since no interpolation table is provided. 

The tabulated times are for the Greenwich meridian. Except in high latitudes 
near the times of the equinoxes, the time of sunrise and sunset varies so little from day 
to day that no interpolation is needed for longitude. If such an interpolation is con- 
sidered justified, it can be made in the same manner as for the moon (art. 1812). 

In high latitudes, interpolation is not always possible. For instance, on June 1, 
1958, sunrise at latitude 66° N occurs at 0114, but at latitude 68° N the sun does not 
set. Between these two latitudes the time of sunrise might be found from the graphs 
in the Air Almanac, or by computation, as explained in article 2536. However, in 
such a marginal situation, the time of sunrise itself is uncertain, being greatly affected 
by a relatively small change of refraction or height of eye. 

1811. Finding time of twilight—Morning twilight ends at sunrise, and evening 
twilight begins at sunset. The time of the darker limit can be found from the almanacs. 
The time of the darker limits of both civil and nautical twilights (center of the sun 6° 
and 12°, respectively, below the celestial horizon) is given in the Nautical Almanac. 
The duration (in minutes) of civil twilight is tabulated in the Air Almanac. The bright- 
ness of the sky at any given depression of the sun below the horizon may vary consid- 
erably from day to day, depending upon the amount of cloudiness and other atmospheric 
conditions. In general, however, the most effective period for observing stars and 
planets occurs when the center of the sun is between about 3° and 9° below the celestial 
horizon. Hence, the darker limit of civil twilight occurs at about the mid point of 
this period. At the darker limit of nautical twilight the horizon is generally too dark 
for good observations. At the darker limit of astronomical twilight (center of the sun 
18° below the celestial horizon) full night has set in. The time of this twilight is given 
in the ephemeris. Its approximate value can be determined by extrapolation (art. P6) 
in the Nautical Almanac, noting that the duration of the different kinds of twilight is 
not proportional to the number of degrees of depression at the darker limit. More 
precise determination of the time at which the center of the sun is any given number of 
degrees below the celestial horizon can be determined by a large-scale diagram on the 
plane of the celestial meridian (art. 1432) or by computation (art. 2536). Duration 
of twilight at various angles of depression between 1°3 and 12° is given on pages A52 
and A53 of the Air Almanac (not shown in appendix W). 

Nautical Almanac. The method of finding the darker limit of twilight is the 
same as that for sunrise and sunset (art. 1810). 

Example 1.—Find the zone time of beginning of morning nautical twilight and 
ending of evening nautical twilight at lat. 21°54/7 S, long. 109°34/2E on June 1, 1958. 

Solution.— 

L 21°54/7S June 1 
A 109°34/2E 


Nautical Nautical 
twilight twilight 
20°S 0537 20°S 1819 
ENCES TI (—)3 
LMT 0540 LMT 1816 
dd (—) 18 dd (—) 18 
ZT 0522 ZT 1758 


Air Almanac. Find the ZT of sunrise and sunset as explained in article 1810, 
except that correction for latitude is made by linear interpolation, since no table is 
provided for this purpose. While taking the LMT from the almanac, extract, also, the 
duration of civil twilight, in minutes. Subtract this value from the time of sunrise 
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to find the time of beginning of morning civil twilight, and add it to the time of sunset 
to find the time of ending of evening civil twilight. 

Example 2.—Find the zone time of beginning of morning civil twilight and ending 
of evening civil twilight at lat. 47°18/85S, long. 87°28/3 W on June 1, 1958. | 


Solution.— 
L 47°18/88 June 1 
d 87°28/3 W 
Sunrise Sunset 
45°S> 10727 45°S 1628 
corr. (+)9 corr. (—)9 
LMT 0736 LMT 1619 
dd (—) 10 dd (—) 10 
ZT 0726 (sunrise) ZT 1609 (sunset) 
dur. (—) 35 dur. (+) 35 
ZT 0651 (twilight) ZT 1644 (twilight) 


Sometimes in high latitudes the sun does not rise but twilight occurs. This 
is indicated in the Air Almanac by the symbol mm in the sunrise and sunset column. 
In this case the value in the twilight column indicates half the duration of twilight. 
To find the time of beginning of morning twilight, subtract this interval from the time 
of meridian transit of the sun; and for the time of ending of evening twilight, add it to 
the time of meridian transit. The LMT of meridian transit never differs by more than 
1674 (approximately) from 1200. The actual time on any date can be determined from 
the almanac (art. 2104). 

1812. Finding time of moonrise and moonset is similar to finding time of sunrise 
and sunset, with one important difference. Because of the moon’s rapid change of 
declination, and its fast eastward motion relative to the sun, the time of moonrise and 
moonset varies considerably from day to day. These changes of position on the 
celestial sphere (art. 1403) are continuous, as moonrise.and moonset occur successively 
at various longitudes around the earth. Therefore, the change in time is distributed 
over alllongitudes. For precise results, it would be necessary to compute the time of the 
phenomena at any given place, by the method described in article 2536. For ordinary 
purposes of navigation, however, it is sufficiently accurate to interpolate between 
consecutive moonrises or moonsets at the Greenwich meridian. Since apparent 
motion of the moon is westward, relative to an observer on the earth, interpolation in 
west longitude is between the phenomenon on the given date and the following one. In 
east longitude it is between the phenomenon on the given date and the preceding one. 

Nautical Almanac. For the given date, enter the daily-page table with latitude, 
and extract the LMT for the tabulated latitude next smaller than the observer’s latitude 
(unless this is an exact tabulated value). Apply a correction from table I of the al- 
manac “Tables for Interpolating Sunrise, Moonrise, etc.” to interpolate for latitude, 
determining the sign of the correction by inspection. Repeat this procedure for the 
day following the given date, if in west longitude; or for the day preceding, if in east 
longitude. Using the difference between these two times, and the longitude, enter 
table II of the almanac “Tables for Interpolating Sunrise, Sunset, etc.” and take out 
the correction. Apply this correction to the LMT of moonrise or moonset at the Green- 
wich meridian on the given date to find the LMT at the position of the observer. The 
sign to be given the correction is such as to make the corrected time fall between the 
times for the two dates between which interpolation is being made. This is nearly 
always positive (+) in west longitude and negative (—) in east longitude. Convert 
the corrected LMT to ZT. 

Example 1—Find the zone time of moonrise and moonset at lat. 58°23/6N, 
long. 144°07/5 W on June 1, 1958, using the Nautical Almanac. 
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Solution.— 
L 58°23/6N June 1 
 144°07/5 W 
Moonrise Moonset 
58°N 2011 June 1 58° N 0314 June 1 
TL ob) 3 OL ieee 
LMT (G) 2014 June 1 LMT (G) 0312 June 1 
58° Now 2413 June 2 58° N 0401 June 2 
TREC) 3 TEL” ass 
LMT (G) 2116 June 2 LMT (G) 0358 June 2 
LMT (G) 2014 June 1 LMT (G) 0312 June 1 
diff) 62 dit ne46 
TULA 25 Tl CYy18 
LMT (G) 2014 June 1 LMT (G) 0312 June 1 
LMT 2039 June 1 LMT 0330 June 1 
dX (—) 24 dd (—) 24 
ZT 2015 June 1 ZT 0306 


Air Almanac. For the given date, determine LMT for the observer’s latitude at 
the Greenwich meridian, in the same manner as with the Nautical Almanac, except that 
linear interpolation is made directly from the main tabulation, since no interpolation 
table is provided. Extract, also, the value from the “Diff.” column to the right of the 
moonrise and moonset column, interpolating if necessary. This “Diff.” is the difference 
between the time of occurrence of the phenomenon at longitude 90° E and 90° W, 
and is intended for use in both east and west longitudes. The error introduced by 
this approximation is generally not more than a few minutes, although it increases with 
latitude. Using this difference, and the longitude, enter the ‘Interpolation of Moonrise, 
Moonset”’ table on page A54 of the Air Almanac and take out the correction. The 
Air Almanac recommends the taking of the correction from this table without interpola- 
tion. The results thus obtained are sufficiently accurate for ordinary purposes of navi- 
gation. If greater accuracy is desired, the correction can be taken by interpolation. 
However, since the “Diff.” itself is an approximation, the Nautical Almanac or computa- 
tion (art. 2536) should be used if accuracy is a consideration. Apply the correction to 
the LMT of moonrise or moonset at the Greenwich meridian on the given date to find 
the LMT at the position of the observer. The correction is positive (+) for west 
longitude, and negative (—) for east longitude, unless the ‘‘Diff.”’ on the daily page is 
preceded by a negative sign (—), when the correction is negative (—) for west longitude, 
and positive (+) for east longitude. If the time is near midnight, record the date at 
each step, as in the Nautical Almanac solution. 

Example 2.—Find the zone time of moonrise and moonset at lat. 58°23/6N, 
long. 144°07'5 W on June 1, 1958, using the Air Almanac. 

Solution.— 

L 58°23/6N June 1 
X 144°07'5 W 


Moonrise Moonset 

diff. (+) 34 diff. (+) 21 
58°N 2011 58°N 0314 
corr. (+)3 corr. (—)3 
LMT (G) 2014 LMT (G) 0311 
corr. (+) 29 corr. (+)16 
LMT 2043 LMT 0327 

da (—) 24 Nunn it 


ZT 2019 ZT 0303 
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As with the sun, there are times in high latitudes when interpolation is inaccurate 
or impossible. At such periods, the times of the phenomena themselves are uncertain, 
but an approximate answer can be obtained by moonlight graph in the Air Almanac 
or by computation, as explained in article 2536. With the moon, this condition occurs 
when the moon rises or sets at one latitude, but not at the next higher tabulated lati- 
tude, as with the sun. It also occurs when the moon rises or sets on one day but not 
on the preceding or following day. This latter condition is indicated in the Air 
Almanac by the symbol > in the “Diff.” column. 

Because of the eastward revolution of the moon around the earth, there is one day 
each synodical month (art. 1412) when the moon does not rise, and one day when it 
does not set. These occur near last quarter and first quarter, respectively. Since 
this day is not the same at all latitudes or at all longitudes, the time of moonrise or 
- moonset found from the almanac may occasionally be the preceding or succeeding one 
to that desired. When interpolating near midnight, one should exercise caution to 
prevent an error. 

Refer to the right-hand daily page of the Nautical Almanac for June 12, 13, 14 
(app. V). On June 14 moonrise occurs at 0015 at latitude 70°N, and at 2326 at 
latitude 72°N. These are not the same moonrise, the one at 2326 occurring approxi- 
mately one day /ater than the one occurring at 0015. This is indicated by the two times, 
which differ by nearly 24 hours. The table indicates that with increasing northerly 
latitude, moonrise occurs earlier. Between 70° N and 72°N the time crosses mid- 
night to the preceding day. Hence, between these latitudes interpolation should be 
made between 0015 on June 14 and 2344 on June 13. 

The effect of the revolution of the moon around the earth is to cause the moon to 
rise or set later from day to day. The daily retardation due to this effect does not 
differ greatly from 50™. The change in declination of the moon may increase or 
decrease this effect. The effect due to change of declination increases with latitude, 
and in extreme conditions it may be greater than the effect due to revolution of the 
moon. Hence, the interval between successive moonrises or moonsets is more erratic 
in high latitudes than in low latitudes. When the two effects act in the same direction, 
daily differences can be quite large. Thus, at latitude 72°N the moon sets at 1834 
on June 13, and at 2029 on June 14. When they act in opposite directions, they are 
small, and when the effect due to change in declination is larger than that due to 
revolution, the moon rises earlier on succeeding days. Thus, at latitude 72°N the 
moon rises at 2344 on June 13, and at 2326 on June 14. This condition is reflected in 
the Air Almanac by a negative ‘Diff.’ If this happens near last quarter or first 
quarter, two moonrises or moonsets might occur on the same day, one a few minutes 
after the day begins, and the other a few minutes before it ends. On June 12, 1958, 
for instance, at latitude 72°N, the moon rises at 0003, sets at 1649, and rises again at 
2354 the same day. On those days on which no moonrise or no moonset occurs, the 
next succeeding one is shown with 24" added to the time. Thus, at latitude 70°N 
the moon rises at 2358 on June 2, while the next moonrise occurs 24"21™ later, at 0019 
on June 4. This is listed both as 2419 on June 3 and as 0019 on June 4 (not shown in 
app. V). 

Interpolation for longitude is always made between consecutive moonrises or moon- 
sets, regardless of the days on which they fall. 

Example 3.—Find the zone time of moonrise at lat. 71°38°7N, long. 56°21'8 W 
during the night of June 12-13, 1958, using the Nautical Almanac. 
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Solution.— 
L 71°38/7N June 12-13 
d 56°21/8 W 
Moonrise 
70°N 0014 June 13 
TI (—)16 


LMT (G) = 2358 June 12 


70°N 0015 June 14 
TI (—)25 
LMT (G) 2350 June 13 
LMT (G) = 2358 June 12 
difl. simundoS 
Dilla dm) 2 
LMT (G) 2358 June 12 
LMT 2356 June 12 
da (—) 15 
ZT 2341 June 12 

Interpolation for the first entry is between 0014 on June 13 (lat. 70°N) and 2354 
on June 12 (lat. 72°N); for the second entry, between 0015 on June 14 and 2344 on 
June 13. This solution might be more easily visualized by considering the 0014 
moonrise of June 13 as occurring at 2414 on June 12, and that of 0015 on June 14 as 
occurring at 2415 on June 13. 

1813. Rising, setting, and twilight at a moving craft.—Instructions given in the 
preceding three articles relate to a fixed position on the earth. Aboard a moving craft 
the problem is complicated somewhat by the fact that time of occurrence depends 
upon position of the craft, and vice versa. At ship speeds, it is generally sufficiently 
accurate to make an approximate mental solution, and use the position of the vessel 
at this time to make a more accurate solution. If higher accuracy is required, the 
position at the time indicated in the second solution can be used for a third solution. 
If desired, this process can be repeated until the same answer is obtained from two con- 
secutive solutions. However, it is generally sufficient to alter the first solution by 1™ 
for each 15’ of longitude that the position of the craft differs from that used in the solu- 
tion, adding if west of the estimated position, and subtracting if east of it. In applying 
this rule, use both longitudes to the nearest 15’. 

1814. Miscellaneous.—Seztant altitude corrections are explained in chapter XVI. 

Equation of time is given below the sunset and twilight information on the right- 
hand daily page of the Nautical Almanac, at intervals of twelve hours. Simple inter- 
polation can be used for intervening values. By convention, the sign is positive (++) 
if the time in the sun’s “Mer. Pass.” column is earlier than 1200 (or if GHA indicates 
the sun has crossed the upper branch of the celestial meridian before 1200 or the lower 
branch before 0000), and negative (—) if later than 1200. In Great Britain, this 
convention is reversed. A heavy line is used to indicate a change of sign between 
consecutive entries, as shown between 00" and 12" on June 14, when the sign changes 
from positive to negative. The equation of time is not needed for ordinary purposes 
of modern navigation. Its use is explained in chapter XIX. 

T ame of transit. The GMT of transit of the sun across the upper branch of the 
celestial meridian of Greenwich is tabulated in the Nautical Almanac, to the right of 
the equation of time tables. Similar information is given for both the upper and 
lower transits of the moon in the “Mer. Pass.” tables below the moonset tables. On 
a day when the moon does not transit the Greenwich meridian, the time for the next 
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day is given with 24" added. Thus, on May 31 the upper transit is at 2308. The 
next transit is at 2407 on June 1, or at 0007 on June 2, as shown in appendix V. For 
the four navigational planets, time of upper transit for the middle day is given below 
the star list on the left-hand daily page. For all of these bodies the time is given to 
the nearest whole minute. Time of transit of the first point of Aries across the upper 
branch on the middle day is given to the nearest 0"1, below the GHA Aries column. 
The tabulated times can be considered the LMT of transit at the Greenwich meridian, 
since LMT at 0° longitude is GMT. The LMT of transit at the observer’s meridian 
can then be found by interpolation for longitude, as for moonrise and moonset (art. 
1812). Eye interpolation is usually sufficient for bodies other than the moon. This 
information is of little value to the navigator. It is further discussed in chapter XIX. 

Moon phases are indicated symbolically in the Nautical Almanac at the lower right- 
hand corner of the double-page opening. In the Air Almanac this information is given 
at the top of the GHA-declination column on each daily page. An open circle is used 
for full moon, and a solid black circle for new moon. The time of occurrence of each 
phase is given below the list of holidays, near the front of the Nautical Almanac. The 
age of the moon (art. 1423) is given between the ‘Mer. Pass.”’ and phase listings in the 
Nautical Almanac and at the bottom of the right-hand daily page of the Air Almanac, 
near the right side. 

Semidiameters of the sun and moon are given at the bottom of the sun and moon 
columns of the Nautical Almanac. In the Air Almanac they are given immediately 
above the age of the moon, on the right-hand daily page. 

Magnitude of each planet listed is given at the top of its column on the daily pages 
of each almanac. 

Ecliptic diagram. The diagram at the right of each right-hand daily page of the 
Air Almanac indicates the positions of the moon, navigational planets, the first point 
of Aries, and certain stars, relative to the sun. This diagram is discussed in article 
2209. A single Planet Location Diagram has been substituted in recent editions. 

GHA and declination for following year. If an almanac for the preceding year 
is available, but not for the current year, the approximate declination of the sun can 
be found by entering the almanac for the previous year with a time 5°49™ earlier. 
The GHA of the sun can also be found in this way, if 87°15’ is added to the result. 
For stars, use the declination for the preceding year, and from the GHA subtract 
15/1. Every reference to the same date of the preceding year refers to the day 365 
days earlier than the given date. When a February 29 has intervened, the day one 
day later should be used for the preceding year. 

Right ascension (art. 1426), if required, can be found by subtracting SHA from 
360°, and converting it from arc to time units (art. 1904). The SHA of the stars and 
planets is listed on the left-hand daily page. For the sun and moon, SHA can be found 
by subtracting the GHA of Aries from the GHA of the body. 

Conversion of arc to time, or vice versa, can be made by the ‘‘Conversion of Arc to 
Time”’ tables of the almanacs, or mathematically as explained in article 1904. 

Polaris tables are explained in article 2105. 

Navigational star charts. These charts are explained in article 2204. 

Sky diagrams of the Air Almanac are explained in article 2212. 

Several additional items of general interest, such as a list of religious and civil 
holidays, a calendar, information on eclipses, planet notes for the year, and a list of 
standard times (zone descriptions) at various places throughout the world, are given 
in the Nautical Almanac. Items such as symbols and abbreviations in English with 
their French and Spanish equivalents, and a list of stars used in H.O. Pub. No. 249, 
are included in the Air Almanac. 
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Recent issues of the Air Almanac have been modified slightly. Beginning with 
the 1961 edition, references to H.O. Pub. No. 218, Astronomical Navigation Tables, 
have been omitted and an azimuth of Polaris table added. In the 1962 edition, both 
pages of tables of Corrections for Height and Depression were omitted. .These two 
pages were replaced by five pages of Rising, Setting and Depression Graphs, and one 
page containing supplementary tables and an explanation of use of these graphs and 
tables. 


Problems 


1805a. Find the GHA and declination of the sun at GMT 7°25™754* on June 2, 1958, 
using the Nautical Almanac. 

Answers.—GHA 292°01'9, d 22°07/9N. 

1805b. Find the GHA and declination of the sun at GMT 23°49™04° on June 1, 
1958, using the Air Almanac. 

Answers.—GHA 177°50’, d 22°05’N. 

1806a. Find the GHA and declination of the moon at GMT 0°24718* on June 1, 
1958, using the Nautical Almanac. 

Answers.—GHA 18°14'8, d 17°28/45S. 

1806b. Find the GHA and declination of the moon at GMT 12501722 on June 1, 
1958, using the Air Almanac. 

Answers.—GHA 185°40’, d 18°19’S. 

1807a. Find the GHA and declination of Mars at GMT 2°25™398 on May 31, 1958, 
using the Nautical Almanac. 

Answers.—GHA 288°25'5, d 3°53/38. 

1807b. Find the GHA and declination of Jupiter at GMT 212067215 on June 1, 
1958, using the Air Almanac. 

Answers.—GHA 5°22’, d 7°20’S. 

1808a. Find the GHA and declination of Procyon at GMT 425718 on June 1, 
1958, using the Nautical Almanac. 

Answers.—GHA 201°12/0, d 5°19/8N. 

1808b. Find the GHA and declination of y Velorum at GMT 16°24™115 on May 
31, 1958, using the Nautical Almanac. 

Answers.—GHA 12°38/7, d 47°13/2S. 

1808c. Find GHAT at GMT 20°25™32° on June 1, 1958, using the Nautical 
Almanac. 

Answer.—GHAY 196°11/6. 

1808d. Find the GHA and declination of Gienah at GMT 2%53™21° on June 2 
1958, using the Air Almanac. 

Answers.—GHA 109°59’, d 17°19/S. 

1810. Find the zone time of sunrise and sunset at lat. 52°18/7S, long. 58°43/6 W 
on June 1, 1958. 

Answers.—Sunrise, ZT 0751; sunset, ZT 1554. 

181la. Find the zone time of beginning of morning nautical twilight and ending 
of evening nautical twilight at lat. 16°22/7N, long. 163°19'7E on June 1, 1958. 

Answers.—Morning twilight, ZT 0441; evening twilight, ZT 1928. 

1811b. Find the zone time of beginning of morning civil twilight and ending of 
evening civil twilight at lat. 55°35/6N, long. 51°13'7W on June 1, 1958, using the 
Air Almanac. 

Answers.—Morning twilight, ZT 0253; evening twilight, ZT 2153. 


THE ALMANAC 481 


1812a. Find the zone time of moonrise and moonset at. lat. 44°26/35, long. 
172°29'3E on June 3, 1958, using the Nautical Almanac. 

Answers.—Moonrise, ZT 1732; moonset, ZT 0743. 

1812b. Find the zone time of moonrise and moonset at lat. 3°27/45S, long. 107°22’8 
W on June 1, 1958, using the Air Almanac. 

Answers.—Moonrise, ZT 1815; moonset, ZT 0554. 

1812c. Find the zone time of moonrise at lat. 71°44/7N, long. 176°18/1E on 
the night of June 13-14, 1958, using the Nautical Almanac. 

Answer.—Moonrise, ZT 0007 June 14. 

1813. The zone time of sunrise at a moving ship is desired. The first solution, 
based upon an estimate of the position, is 0537. The longitude used for the solution is 
51°22'2W. At 0537 the longitude will be 51°38/8 W. 

Required.—The zone time of sunrise at the ship. 

Answer.—Sunrise, ZT 0539. 

1814a. Find the equation of time at GMT 16°21™04* on June 1, 1958. 

Answer.—Eq. T(+)2™19°. 

1814b. Find the zone time of transit of the moon across the upper branch of the 
celestial meridian at long. 137°14/4W on May 31, 1958. 

Answer.—Transit, ZT 2340. 

1814c. What are the phase and age of the moon on June 2, 1958? 

Answers.—Phase, full moon; age, 15 days. 

1814d. What are the semidiameters of the sun and moon on June 2, 1958? 

Answers.—Sun, SD 15/8; moon, SD 16/1. 

1814e. What is the magnitude of Jupiter on June 1, 1958? 

Answer.—Mag.(—) 1.9. 

1814f. Which of the navigational planets is nearest Aldebaran on June 2, 1958? 

Answer.—Venus. 

1814g. Find the GHA and declination of the sun at GMT 11°14"07* on May 31, 
1959, using the 1958 Nautical Almanac. 

Answers.—GHA 349°09/7, d 21°50/5N. 

1814h. Find the GHA and declination of Alioth at GMT 19*25™23* on June 1, 
1959, using the 1958 Nautical Almanac. 

Answers.—GHA 347°48/5, d 56°11/3N. 


CHAPTER XIX 
TIME 


1901. Introduction.—Time serves to regulate affairs aboard ship, as it does ashore. 
But to the navigator, it has additional significance. It is not enough to know where 
the ship is, was, or might be located in the future. The navigator wants to know 
when the various positions were or can reasonably be expected to be occupied. Time 
serves as a measure of progress. By considering the time at which a ship occupied 
various positions in the past, and by comparing the speed and various conditions it 
has encountered with those anticipated for the future, the skillful navigator can predict 
with reasonable accuracy the time of arrival at various future positions. Time can 
serve as a measure of safety, for it indicates when a light or other aid to navigation 
might be sighted, and if it is not seen by a certain time, the navigator knows he has 
cause for concern. 

To the celestial navigator, time is of added significance, for it serves as a measure 
of the phase of the earth’s rotation. That is, it indicates the position of the celestial 
bodies relative to meridians on the earth. Until an accurate measure of time became 
available at sea, longitude could not be found. 

Very small intervals of time are used in certain electronic navigational aids, such 
as radar and loran. 

Whatever the type of navigation, a thorough mastery of the subject of time is 
important to the navigator. The use of a time diagram (art. 1427) may help in under- 
standing the principles or solution of the problems of this chapter. 

1902. Kinds of time.—As a measure of part of a day, time can be stated in a 
number of different ways. At any given moment, the time depends upon (1) the point 
on the celestial sphere used as reference, (2) the reference meridian on the earth, and 
(3) the somewhat arbitrary starting point of the day. 

When the sun is used as the celestial reference point, solar time results. If the 

actual sun observable in the sky is used, apparent solar time is involved, and if a fictitious 
mean sun is used to provide a time having an almost constant rate, mean solar time 
results. Time reckoned by use of the first point of Aries (Y) as the celestial reference 
point is called sidereal time. Use of the moon as the celestial reference point provides 
a variable-length lunar day, the basis of lunar time, which is useful in tide prediction 
and analysis. Because of its application, a lunar day is sometimes called a tidal day. 
It averages about 24"50™ (mean solar units) in length. 
If the meridian of the observer is used as the terrestrial reference, local time is 
involved. If a zone or standard meridian is used as the time meridian for mean solar 
time over an area, zone or standard time results. Use of a meridian farther east than 
would normally be used, so that the period of daylight is shifted later in the day, 
produces a form of zone time called daylight saving or summer time. Time based 
upon the Greenwich meridian is called Greenwich time. Greenwich mean time 
(GMT) is of particular interest to a navigator because it is the principal entering 
argument for the almanacs. 

One complete revolution of the earth with respect to a celestial reference point is 
called a day. In modern usage every kind of solar time has its zero or starting point 
at midnight, when the celestial reference point is directly over the lower branch of the 
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terrestrial reference meridian. This has not always been so. Until January 1, 1925, 
the astronomical day began at noon, 12 hours later than the start of the calendar day of 
the same date. The nautical day began at noon, 12 hours earlier than the calendar day, 
or 24 hours earlier than the astronomical day of the same date. The sidereal day 
begins at sidereal noon, when the first point of Aries is over the upper branch of the 
reference meridian. There is no sidereal date. 

1903. Expressing time.—Time is customarily expressed in time units, from 0° 
through 24". To the nearest 1™ it is generally stated by navigators in a four-digit unit 
without punctuation. Thus, 0000 is midnight at the start of the day. One minute 
later the time is 0001. Half an hour after the start of the day the time is 0030, at 
one hour the time is 0100, at one hour and four minutes it is 0104, at 19 minutes after 
noon (solar time) it is 1219, at four hours and 23 minutes after (solar) noon it is 1623, 
etc. The term “hours” is sometimes used with the four-digit system to indicate that 
the number refers to the time or “hour” of the day. However, in those few occasions 
when any reasonable doubt may exist as to whether time is indicated,the fact can better 
be indicated in another way. Thus, the expression ‘1600 hours” to indicate “1600” 
or “16 hours” is not strictly correct, and is better avoided. Watch time (W), indicated 
by a watch or clock having a 12-hour dial, and chronometer time (C) are expressed on 
a 12-hour basis, with designations am (ante meridian) and pm (post meridian), as in 
ordinary civil life ashore. 

In contrast, a time interval is expressed as hours and minutes, as 5°26". When 
either the time of day or a time interval is given to seconds, this same form is used, 
as 21"15"18°. The kind of time may be indicated, usually by abbreviation. 

When a time interval is to be added to or subtracted from a time, the solution 
can be arranged conveniently in tabular form. 

Example 1.—What is the time and date 14"36™53° after 21°14™18° on July 24? 

Solution.— 

21°14™18° July 24 

14°36™535 

355517118 July 24 
1 IRD 1 11 elo 


The fact that the sum of hours exceeds 24 is an indication that the date increases 
by one. Similarly, in subtracting an interval, the date is one day earlier if 24" must 
be added to the time before the subtraction can be made. That is, since 2400 of one 
day is 0000 of the following day, one might say that 2700 on one day is 2700 —2400=0300 
on the following day. In the example above, 11"51™11° on July 25 is the same as 
11°51™11°+24"00™00°=35"51711* on July 24. 

Date is sometimes expressed as an additional unit of the time sequence. Thus, 
21514™18* on July 24 might be stated 24921"14™18*. This system is of particular value 
when an interval of several days is to be added or subtracted. _ 

Example 2.—What is the time and date 941635™04° before 5°11™33° on September 
15? 

Solution.— 

15°05°11™33° 
971 65357048 
521 2536™29* or 12367298 on Sept. 5. 

By this method the month and day, if of significance, are recorded separately, 

or they, too, can be added to the sequence. 


Example 3.—What is the time and date 3 years, 6 months, 25 days, 12 hours, 19 
minutes, and 44 seconds after 7°52™24° on November 14, 1958? 
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Solution.— 
1958711714907252™24° 
3%06™25712"19™448 

1962706708720"12™08°=20°12708" on June 8, 1962. 
Since a month may contain a variable number of days, both the months and days 
should be solved together. Thus, in the example above, the answer would be 17 
months, 39 days. If 12 months are converted to one year, this becomes five months, 
39 days. Since the fifth month is May, this might be stated as May 39. Since there 
are 31 days in May, this is 39—31—8 days into the next month, or June 8. 

A simpler method of determining the number of elapsed days between any two 
dates is to use the Julian day of each date, if the information is available. This also 
eliminates possible error due to change of calendar if long intervals are involved. 
The Julian day is the consecutive number of the day starting at 1200 on January 1, 
4713 BC. Julian day is listed in the American Ephemeris and Nautical Almanac. 

1904. Time and arc.—The time of day is an indication of the interval since the 
day began. One day represents one complete rotation of 360° of the earth with respect 
to a selected celestial point. Each day is divided into 24 hours of 60 minutes, each 
minute having 60 seconds. Thus, each day has 24 60=1,440 minutes or 1,44060= 
86,400 seconds. This is time regardless of the celestial reference point used, and since 
the various references are in motion with respect to each other, as “seen” from the 
earth, apparent solar, mean solar, and sidereal days are of different lengths. Since 
they all have the same number and kind of fractional parts, these parts are themselves 
of different length in the different kinds of time. Mean solar units are customarily 
used to indicate time intervals. The smallest unit normally used in celestial navigation 
is the second, but in some electronic equipment the millisecond (one-thousandth of a 
second), microsecond (one-millionth of a second), and the millimicrosecond or nano- 
second (one-billionth of a second) are used. 

Time of day is an indication of the phase of rotation of the earth. That is, it 
indicates how much of a day has elapsed, or what part of a rotation has been completed. 
Thus, at zero hours the day begins. One hour later, the earth has turned through 


360° : : : 
1/24 of a day, or 1/24 of 360°, or of =15°. Six hours after the day begins, it has 


° 


360 
turned through 6/24=1/4 day, or 490°. Twelve hours after the start of the day, 


the day is half gone, having turned through 180°. Smaller intervals can also be stated 


in angular units, for since one hour or 60 minutes is equivalent to 15°, one minute of 
° / 


: : : 15 
time is equivalent to 60. 0°25=15’, and one second of time is equivalent to a 
0/25=15". Thus, 
Time Are 
1°= 24"=360°=1 circle 
60" = 1t= 15° 


4m— 1°=60! 
60°= 1™= 15/ 
4°= 1/=60" 


1° 15”=0125 
Any time interval can be expressed as an angle of rotation, and vice versa. Intercon- 
version of these units can be made by the relationships indicated above. 
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To convert time to are: 

1. Multiply the hours by 15 to obtain degrees. 

2. Divide the minutes of time by four to obtain degrees, and multiply the remainder 
by 15 to obtain minutes of arc. 

3. Divide the seconds of time by four to obtain minutes and tenths of minutes of 
arc, or multiply the remainder by 15 to obtain seconds of arc. 

4. Add degrees, minutes, and tenths (or seconds). 

Example 1.—Convert 14°21™39° to arc units. 


Solution.— 
(1) 148 X 15=210° 
(2y 24" A=) 5°15! (remainder 1" 15=15’) 
(3) 39° + 4= 9’45” (remainder 3°X15=45”) 


(4) 14°21™39°=215°24’45” =215°24/8 (to the nearest 0/1). 


To convert arc to time: 

1. Divide the degrees by 15 to obtain hours, and multiply the remainder by four 
to obtain minutes of time. 

2. Divide the minutes of arc by 15 to obtain minutes of time, and multiply the 
remainder by four to obtain seconds of time. 

3. Divide the seconds of are by 15 to obtain seconds of time. 

4. Add hours, minutes, and seconds. 

Example 2.—Convert 215°24’45”’ to time units. 


Solution.— 
(1) 215° ~ 15=14°20" (remainder 5°X4=20") 
(2) 2470+ 15 = 1™36° (remainder 9’X4=365) 
sds” lb 38 


(4)0215°24'45* = 14°21"39* 
Example 3.—Convert 161°53‘7 to time units. 


Solution.— 
(1) 161° + 15=10'44™ (remainder 11°X4=44™) 
(2) 53/7 + 15= 3™34°8 (remainder 8/7 X4=3488) 


(3) ~ 161°53°7 =10°4734°S = 10°47"35*. 


The navigator should be able to make these solutions mentally, writing only the 
answer. Asa check, the answer can be converted back to the original value. Solution 
can also be made by means of arc to time tables in the almanacs. In the Nautical 
Almanac the table, given near the back of the volume (app. V), is in two parts, per- 
mitting separate entries with degrees, minutes, and quarter minutes of arc. The table is 
arranged in this manner because the navigator is confronted with the problem of 
converting arc to time more often than the reverse. 

Example 4.—Convert 334°18'22” to time units, using the Nautical Almanac arc to 
time conversion table. 

Solution.— 

334° =22"16" 
18/25=> 1™13° 
984018 atfen 22177188 
The 22” are converted to the nearest quarter minute of arc for solution to the 


nearest second of time. Interpolation can be used if more precise results are required, 
since exact relationships are tabulated in the Nautical Almanac conversion table. 
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Example §.—Convert 83°29/6 to time units, using the Nautical Almanac arc to 
time conversion table. 


Solution.— 93° Bhgom 


29. 0=4,, foo 
83°29 6=5°3375854 
In this solution, 58°4 was obtained by eye interpolation in the quarter-minute part of 
the table. 
Example 6.—Convert 17°09™42° to arc units, using the Nautical Almanac arc to 
time conversion table. 
Solution.— 17208™—257° 
19425 Baro 
179094222225 7°25. 5 
A similar table appears near the back of the Air Almanac (app. W), but values are 
given only to 180°, and quarter minutes of arc are not included. For angles greater 
than 180°, subtract 180° and add 12" to the result. 
Example 7.—Convert 334°47'2 to time units, using the Air Almanac arc to time 
conversion table. 
Solution.— 
334°— 180°= 154°=10°16™ 
ATi2= 309° 
154°47/2=10°19™09° 
334°47/2=22719™098 
Example 8.—Convert 15°13™18* to time units, using the Air Almanac arc to time 
conversion table. 
Solution.— 
1512" — 1282 38125 48e 
iS: — 19/5 
S*13™18°= 48°19/5 
15°13™18°=228°19/5 
Because the almanac conversion tables are exact relationships, interpolation in 
them can be carried to any degree of precision desired without introducing an error. 
1905. Time and longitude.—As indicated in the preceding article, time is a measure 
of rotation of the earth, and any given time interval can be represented by a corre- 
sponding angle through which the earth turns. Suppose the celestial reference point 
were directly over a certain reference of the earth. An hour later the earth would have 
turned through 15°, and the celestial reference would be directly over a meridian 15° 
farther west. Any difference of longitude is a measure of the angle through which the 
earth must rotate for the local time at the western meridian to become what it was at 
the eastern meridian before the rotation took place. Therefore, places to the eastward 
of an observer have later time, and those to the westward have earlier time, and the 
difference is exactly equal to the difference in longitude, expressed in time units. When 
a meridian other than the local meridian is used as the time reference, the difference in 
time of two places is equal to the difference of longitude of their time reference meridians. 
1906. The date line.—Since time becomes later toward the east, and earlier toward 
the west, time at the lower branch of one’s meridian is 12 hours earlier or later depending 
upon the direction of reckoning. A traveler making a trip around the world gains or 
loses an entire day. To prevent the date from being in error, and to provide a starting 
place for each day, a date line is fixed by international agreement. This line coincides 
with the 180th meridian over most of its length. In crossing this line, one alters his 
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date by one day. In effect, this changes his time 24 hours to compensate for the slow 
change during a trip around the world. Therefore, it is applied in the opposite direction 
to the change of time. Thus, if a person is traveling eastward from east longitude to 
west longitude, time is becoming later, and when the date line is crossed, the date becomes 
one day earlier. That is, at any moment the date immediately to the west of the date line 
(east longitude) is one day later than the date immediately to the east of the line, except 
at GMT 1200, when the (mean time) date is the same all over the world. At any other 
time two dates occur, one boundary between dates being the date line, and the other 
being the midnight line along the lower branch of the meridian over which the mean 
sun is located. At GMT 1200 these two boundaries coincide. In the solution of 
problems, error can sometimes be avoided by converting local time to Greenwich time, 
and then converting this to local time on the opposite side of the date line. Examples 
are given in following articles. 

1907. Zone time.—At sea, as well as ashore, watches and clocks are normally set 
approximately to some form of zone time (ZT). At sea the nearest meridian exactly 
divisible by 15° is usually used as the time meridian or zone meridian. Thus, within a 
time zone extending 7°5 on each side of each time meridian the time is the same, and 
time in consecutive zones differs by exactly one hour. The time is changed as con- 
venient, usually at a whole hour, near the time of crossing the boundary between zones. 
Each time zone is identified by the number of times the longitude of its zone meridian 
is divisible by 15°, positive in west longitude and negative in east longitude. This 
number and its sign, called the zone description (ZD), is the number of whole hours 
that are added to or subtracted from the zone time to obtain Greenwich mean time 
(GMT), which is the zone time at the Greenwich (0°) meridian, and is sometimes called 
universal time (UT). The mean sun is the celestial reference point for zone time. 

Example 1.—For an observer at long. 141°18'4 W the ZT is 6°18™24°. 

Required.—(1) Zone description. 

(2) GMT. 

Solution.—(1) The nearest meridian exactly divisible by 15° is 135° W, into which 
15° will go nine times. Since longitude is west, ZD is (+) 9. 

ZT 6518724 
ZD (+)9 
(2) GMT ~—-15"18™24° 


In converting GMT to ZT, a positive ZD is subtracted, and a negative one added, 
but its sign remains the same, being part of the description. The word “Treversed”’ (rev.) 
is written to the right in the work form to indicate that the ‘reverse’ process is to be 
performed. 

Example 2.—The GMT is 15°27™09°. 

Required.—(1) ZT at long. 156°24'4 W. 

(2) ZT at 39°04‘8E. 


Solution.— vt, ei 
1) GMT 15"27™09° (2) G 15%27™09° 

a ZD (+) 10 (rev.) ZD (—) 3 (rev.) 
ZT 2709" ZT 18°27™09° 


When time at one place is converted to that at another, the date should be watched 
carefully. If a sum exceeds 24 hours, subtract this amount and add one day. If 24 
hours are added before a subtraction is made, the date at the place is one day earler. 

Example 3.—At long. 73°29/2 W the ZT is 21712™53° on May 14. 

Required.—(1) GMT and date. 

(2) ZT and date at long. 107°15°7 W. 
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Solution.— 
ZT 21512™53° May 14 
ZD (+) 5 
(1) GMT 2512™53® May 15 
ZD (+)7 (rev.) 
(2) ZT 19°12™53® May 14 
The second part of this problem might have been solved by using the difference 
in zone description. Since the second place is two zones farther west, its time is two 
hours earlier. Problems involving zone times at various places generally involve 
nothing more than addition or subtraction of one small number, so solutions can gen- 
erally be made mentally. However, when this forms part of a larger problem, or when a 
record of the solution is desired, the full solution should be recorded, including labels. 
Ezample 4.—On November 30 the 1430 DR long. of a ship is 51°32/4W. Ten 
hours later the DR long. is 53°07/2 W. 
Required.—ZT and date of arrival at the second longitude. 


Solution.— 
ZT 1430 Nov. 30 
LDS 
GMT 1730 Nov. 30 
int. 10 


GMT 0330 Dec. 1 
ZD (+)4  (rev.) 
ZT 2330 Nov. 30 
If a time zone boundary had not been crossed, there would have been no need to 
find GMT. It is particularly helpful to retain this step when the date line is crossed. 
This line is the center of a time zone, the western (east longitude) half being designated 
(—) 12, and the eastern (west longitude) half (+) 12. 


Example 5—On December 31 the 0800 DR long. of a ship is 177°23/9E. Forty 
hours later the DR long. is 171°53’9 W. 


Required.—ZT and date of arrival at the second longitude. 


Solution.— 
Alternative solution 

ZT 0800 Dec. 31 ZT 31908"00™ 
AKC ZD (—)12 

GMT 2000 Dec. 30 GMT 30°20"00™ 
int. 40 int. 1°16 

GMT 1200 Jan. 1 GMT 1212800" 
ZD (Tyla reve) LD (+)11 ‘(rev.) 
Lil 0100 Jan. 1 ZT 1°01500™ 


For certain communication purposes it is sometimes convenient to designate a 
time zone by a single letter. The system used is shown in figure 1907. 

Use of time zones on land began in 1883, when railroads adopted four standard 
zones for the continental United States. The division of the United States into time 
zones was not officially adopted by Congress, however, until March 19, 1918, when a 
fifth zone was also established for Alaska. The system of time zones is now used 
almost universally throughout the world, although on land the zone boundaries are 
generally altered somewhat for convenience. In a few places, half-hour zones are 
used but these are not standard time zones. 

On land, normal zone time is usually called standard time, often with an adjective 
to indicate the zone, as eastern standard time. In some areas timepieces are advanced 
one or more hours during the summer to provide greater use of daylight. This “fast” 
time is called daylight saving time in the United States, and summer time elsewhere. 
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When time is one hour fast, the zone description is (algebraically) one Jess than normal. 
When daylight saving or summer time is specified, an advance of one hour is under- 
stood unless a greater number is indicated. 

Example 6.—What is the standard time and date at Tokyo, long. 140° E, when the 
daylight saving time at Washington, long. 77° W, is 1600 on Oct. 5? 


Solution.— 
ZT 1600 Qct. 5 
ZD (+)4 
GMT 2000 Oct. 5 
ZD (—)9  (rev.) 
ZT 0500 Oct. 6 


During hostilities daylight saving time may be kept all year long throughout a 
nation, and designated war time (WT). 

1908. Chronometer time (C) is time indicated by a chronometer. Since a chro- 
nometer is set approximately to GMT, and not reset until it is overhauled and cleaned, 
perhaps three years later (art. 1514), there is nearly always a chronometer error (CE), 
either fast (F) or slow (S). The change in chronometer error in 24 hours is called 
chronometer rate, or daily rate, and designated gaining or losing. With a consistent 
rate of 1° per day for three years, the chronometer error would be approximately 18™. 
Since chronometer error is subject to change, it should be determined from time to 
time, preferably daily at sea. Chronometer error is found by radio time signal (art. 
1909), by comparison with another timepiece of known error, or by applying chro- 
nometer rate to previous readings of the same instrument. It is recorded to the nearest 
whole or half second. Chronometer rate is recorded to the nearest 0°1. 

Example 1.—At GMT 1200 on May 12 the chronometer reads 12%04™21*. At 
GMT 1600 on May 18 it reads 4404™258, 

Required.—(1) Chronometer error at both comparisons. 

(2) Chronometer rate. 

(3) Chronometer error at GMT 0530 on May 27. 

Solution.— 

GMT 1200™00* May 12 
C 125047215 
(1) CE (F) 47218 


GMT 16*00™00° May 18 
C 4504™258 
(1) CE (F) 4™958 


GMT 12°12 
GMT 18165 
diff. 67045= 692 
CE (F) 4™21° 1200 May 12 
CE (F) 4™25* 1600 May 18 
diff. 4° gained 
(2) daily rate 0°6 per day, gaining. (4°--6%2) 


GMT 181600" 
GMT 27205530" 
diff. 871330™=— 895 
CE (F) 425° 1600 May 18 


corr. (+) 5* (895 X0°6 per day) 
(3) CE (F) 4™308 0530 May 27 
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Because GMT is stated on a 24-hour basis, and chronometer time on a 12-hour 
basis, a 12-hour ambiguity exists. This is ignored in finding chronometer error. How- 
ever, if chronometer error is applied to chronometer time to find GMT, a possible 12- 
hour error can result. This can be resolved by mentally applying zone description 
to local time to obtain approximate GMT. A time diagram can be used for resolving 
doubt as to approximate GMT and Greenwich date. If the sun for the kind of time 
used (mean or apparent) is between the lower branches of two time meridians (as the 
standard meridian for local time, and the Greenwich meridian for GMT), the date at 
the place farther east is one day later than at the place farther west. 

Example 2.—On August 14 the DR long. of a ship is about 124° E, and the zone time 
is about 0500. Chronometer error is 12™278 slow. 

Required—GMT and date when the chronometer reads 85447225, 


Solution.— 
approx. ZT 0500 Aug. 14 
ZD (—)8 
approx. GMT 2100 Aug. 13 
C  8'44™228 


CE, (S) 12727 
GMT 20°56™49* Aug. 13 


The A chronometer, usually the best (having the most nearly uniform rate), is 
compared directly with the time signal (art. 1909). Other chronometers, designated 
B, C, etc., may then be compared with the A chronometer. 

Example 3.—At GMT 1400 chronometer A is checked by time signal, and found 
to read 1°57™09°. A little later, when it reads 2205"00°, chronometer B reads 2511™38°. 

Required.—(1) Error of chronometer A. 

(2) Error of chronometer B. 

Solution.— 

GMT 14°00™00° 
C, 1°57709° 

(1) CE, (S) 2™51° 
C, 2057008 
GMT 14°07™51° 
Cz 2711™38° 

(2) CE, (F) 3™47° 


If time signals are not available at the chronometer, a good comparing watch (art. 
1515) should be compared with the radio signal, and this watch used to determine 
chronometer error, as indicated in example 3, substituting the watch for chronometer A. 

1909. Time signals.—The usual method of determining chronometer error and 
daily rate is by radio time signals, popularly called time ticks. Most maritime nations 
broadcast time signals several times daily from one or more stations, and a vessel 
equipped with radio receiving equipment normally has no difficulty in obtaining a time 
tick anywhere in the world. The times of emission of signals transmitted by the U.S. 
are the same to about 05001 as those of Argentina, Australia, Canada, Japan, U.K., 
Republic of South Africa, and Switzerland. The time transmitted is maintained 
virtually uniform with respect to atomic clocks but follows GMT closely. The dif- 
ference seldom amounts to 03050. The time, as received by a vessel, may be considered 
to be GMT to 081. Radio Navigational Aids, H.O. Pubs. Nos. 117—A and 117-B, lists 
all time signals, together with their hours of transmission, system used, frequency, and 
other useful information. 
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At sea the chronometer should be checked daily by radio time signal, and in port 
daily checks should be maintained, or begun at least three days prior to departure, if 
conditions permit. Error and rate are entered in the chronometer record book (or 
record sheet) each time they are determined. 

Prior to the development of radio time signals, chronometers were checked in 
port by visual signals which consisted of dropping a time ball or shape by telegraphic 
action, or firing a gun. Visual signals are still used in some ports. If a gun is used, 
the flash marks the correct time, as the report may not reach the observer until several 
seconds after the gun is fired. 

The various time signal systems used throughout the world are explained in detail 
in H.O. Pubs. Nos. 117-A and B. Only the United States signals are discussed here. 

The U. S. Naval Observatory at Washington, D. C., controis the transmissions 
of time signals from U. S. Naval radio stations. Beginning at 5 minutes before each 
even hour of GMT, dashes are transmitted on every second, except the 29th and certain 
others near the end of each minute, as shown in the following diagram: 


Minutes Seconds | 


51 52 53 55 56 57 58 59 60 


[112 
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The seconds marked ‘‘60” indicate the start of the next minute. The final dash, 
marking the hour, is considerably longer than any of the others. The number of 
dashes in the group near the end of any minute indicates the number of minutes before 
the hour. This is known as the United States system. In all cases the beginnings 
of the dashes indicate the beginning of the seconds, and the ends of the dashes are 
without significance. 

Station WWV, near Washington, D. C., broadcasts continuous time signals 
obtained from the U. S. Naval Observatory time service. Station WWVH in Hawaii 
broadcasts the same signals, except for certain periods during which the station is off 
the air to compare its standards with those of WWV and to obtain ionospheric sound- 
ings. The signals broadcast by these stations are intended primarily for measurement 
of time intervals, and checking of frequencies of two standard audible tones, but signals 
can also be used for checking time. The system used is fully explained in H.O. Pubs. 
Nos. 117-A and 117-B. 

1910. Watch time (W) is time indicated by a watch. This is usually an approxi- 
mation of zone time, except that for timing celestial observations it is good practice to 
set a comparing watch (art. 1515) to GMT. If the watch has a second setting hand, 
the watch can be set exactly to ZT or GMT, and the time is so designated. If the 
watch is not set exactly to one of these times, the difference is known as watch error 
(WE), labeled fast (F) or slow (S) to indicate whether the watch is ahead of or behind 
the correct time, respectively. 

If a watch is to be set exactly to ZT or GMT, it is set to some whole minute slightly 
ahead of the correct time, and stopped. When the set time arrives, the watch is 
started. It should then be checked for accuracy. 

Example 1—A chronometer 946° fast on GMT reads approximately 7°23". At 
the next whole five minutes of GMT a comparing watch is to be set to GMT exactly. 
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Required —(1) What should the watch read at the moment of starting? 
(2) What should the chronometer read? 
Solution.— 
C 723008 
CE (F) 97468 
GMT 75137148 
(1) GMT 7°15™00* (next whole 5™) 
CE (F) 946° 
(2) © 724™468 


The GMT may be in error by 12°, but if the watch is graduated to 12 hours, this 
will not be reflected. If a watch with a 24-hour dial is used, the actual GMT should 
be determined. 

If watch error is to be determined, it is done by comparing the reading of the watch 
with that of the chronometer at a selected moment. This may be at’some selected 
GMT, as in example 1. 

Example 2.—If, in example 1, the watch had read 7°14™48° at the moment the 
chronometer read 7°24™46°, what would be the watch error on GMT? 

Solution.— 

GMT 7°15™00° 
W 7°14™488 
WE (S) 128 


A more convenient chronometer time might be selected, as a whole minute. 

Example 3—A watch is set to zone time approximately. The longitude is about 
48° W. The watch is compared with a chronometer which is 19"44° fast on GMT. 
When the chronometer reads 5°22™00°, the watch reads 2"01™53°. 


Required.—Watch error on zone time. 
Solution.— 
C 5°22™008 
CE (F) 19™44° 
GMT 5"02™16® 


ZD (+)3 (rev.) 
ZT 2502™16° 
W 2501™53° 
WE (S) 23° 


The possible 12" error is not of significance. When such a watch is used for 
determining GMT, however, as for entering an almanac, the 12-hour ambiguity is 
important. Unless a watch is graduated to 24 hours, its time is designated am before 
noon and pM after noon. 

Example 4.—On January 3 the DR long. is 94°14'7E. An observation of the 
sun is made when the watch reads 12"16™23° pm. The watch is 22° fast on zone time. 

Required —GMT and date. 


Solution.— 
W 12516™23° pm Jan. 3 
WE (i) 228 
ZT 12167015 
ZD (—)6 


GMT 6"16701° Jan. 3 


Note that between 1200 and 1300 watch designations are pm. Between 0000 
and 0100 they are am. 


494 TIME 


Comparison of a watch and chronometer should be made carefully. If two 
observers are available, one can give a warning “stand-by” a few seconds before the 
selected time, and a ‘“mark”’’ at the appointed moment, while the other notes the time 
of the watch. A single observer can make a satisfactory comparison by counting 
with the chronometer. Chronometers beat in half seconds, with an audible ‘‘tick.” 
Ten seconds before the selected time (perhaps a whole minute), the observer starts 
counting with the beats, as he watches the chronometer second hand, “50, and, 1, and, 
2xendhseend, tie) eno 9, and, mark.”” During the count the observer shifts his view 
from the chronometer to the second hand of the watch, continuing to count in cadence 
with the chronometer beats. At the “mark,” the second, minute, and hour hands of 
the watch are read in that order, and the time recorded. A comparison of this time 
with the GMT or ZT corresponding to the selected chronometer time indicates the 
watch error. 

Even though a watch is set to zone time approximately, its error on GMT can 
be determined and used for timing observations. In this case the 12-hour ambiguity 
in GMT should be resolved, and a time diagram used to avoid possible error. This 
method requires additional work, and presents a greater probability of error, without 
compensating advantages. 

Still another method of determining GMT, generally used before zone time came 
into common use at sea, is to subtract watch time from chronometer time, to find 
C-W. This is then added to the watch time of an observation to obtain chronometer 
time (C-W+W=C). Chronometer error is then applied to the result to obtain 
GMT. A time diagram should always be used with this method, to resolve the 12-hour 
ambiguity and to be sure of the correct Greenwich date, unless an auxiliary solution is 
made using approximate ZT and ZD. This method has little to recommend it. 

If a watch has a watch rate of more than a few seconds per day, watch error should 
be determined both before and after a round of sights, and any difference distributed 
proportionally among observations. 

If a stop watch is used for timing observations, it should be started at some con- 
venient GMT, as a whole 5" or 10™. The time of each observation is then this GMT 
plus the reading of the watch. 

1911. Local mean time (LMT), like zone time, uses the mean sun as the celestial 
reference point. It differs from zone time in that the local meridian is used as the 
terrestrial reference, rather than a zone meridian. Thus, the local mean time at each 
meridian differs from that of every other meridian, the difference being equal to the 
difference of longitude, expressed in time units. At each zone meridian, including 
0°, LMT and ZT are identical. 

Example 1.—At long. 124°37/2 W the LMT is 1724"188 on March 21. 

Required.—(1) GMT and date. 

(2) ZT and date at the place. 

Solution.— 

LMT 17°24™188 Mar. 21 
nN 8°18™29° W 
(1) GMT ~—s:1542™475 = Mar. 22 
ZD (+) 8 (rev.) 
(2) ZT 17°42™478 = Mar. 21 


In navigation the principal use of LMT is in rising, setting, and twilight tables. 
The problem is usually one of converting the LMT taken from the table to ZT. At 
sea, the difference between these times is normally not more than 30", and the conver- 
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sion is made directly, without finding GMT as an intermediate step. This is done by 
applying a correction equal to the difference of longitude (dd). If the observer is west 
of his time meridian, the correction is added, and if east of it, the correction is subtracted. 
If Greenwich time is desired, it is found from ZT. 

Example 2.—At long. 63°24'4 E the LMT is 0525 on January 2. 

Required.—(1) ZT and date. 

(2) GMT and date. 


Solution.— 
LMT 0525 Jan. 2 
dy (—)14 
(1) ZT .. .0511 Jan. 2 
ZD (—)4 


(2) GMT 0111 Jan. 2 


On land, with an irregular zone boundary, the longitude may differ by more 
than 7°5 (30™) from the time meridian. 

If LMT is to be corrected to daylight saving time, the difference in longitude 
between the local and time meridian can be used, or the ZT can first be found and 
then increased by one hour. 

Conversion of ZT (including GMT) to LMT is the same as conversion in the 
opposite direction, except that the sign of d\ is reversed. This problem is not normally 
encountered in navigation. 

1912. Apparent time utilizes the apparent (real) sun as its celestial reference, and 
a meridian as the terrestrial reference. Local apparent time (LAT) uses the local 
meridian. The LAT at the 0° meridian is called Greenwich apparent time (GAT). 

The LAT at one meridian differs from that at any other by the difference in 
longitude of the two places, the place to the eastward having the later time, and 
conversion is the same as converting LMT at one place to LMT at another. 

Use of the apparent sun as a celestial reference point for time results in time of 
nonconstant rate for at least three reasons. First, revolution of the earth in its orbit 
is not constant. Second, motion of the apparent sun is along the ecliptic, which is 
tilted with respect to the celestial equator, along which time is measured. Third, 
rotation of the earth on its axis is not constant. The effect due by this third cause is 
extremely small. 

For the various forms of mean time, the apparent sun is replaced by a fictitious 
mean sun conceived as moving eastward along the celestial equator at a uniform speed 
equal to the average speed of the apparent sun along the ecliptic, thus providing a 
nearly uniform measure of time equal to the approximate average apparent time. At 
any moment the accumulated difference between LAT and LMT is indicated by the 
equation of time (Eq. T), which reaches a maximum value of about 16™4 in November. 
This quantity is tabulated at 12-hour intervals at the bottom of the right-hand daily 
page of the Nautical Almanac. In the United States, the sign is considered positive 
(++) if the time of sun’s “Mer. Pass.” is earlier than 1200, and negative (—) if later 
than 1200. If the ‘Mer. Pass.” is given as 1200 (as on June 12-14, 1958), the sign is 
positive if the GHA at GMT 1200 is between 0° and 1°, and negative if it is greater 
than 359°. The sign is correct for conversion of GMT to GAT. In Great Britain, 
this convention is reversed. Since GMT is the entering argument for the almanacs, 
interconversion of apparent and mean time should preferably be made from Greenwich 
time, rather than from local time. 

Example —Find the LAT and date at ZT 15"10™40° on May 31, 1958, for long. 
73°18/4 W. 
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Solution.— 
ZT 15"10™40° May 31 
ZD (+) 5 
GMT 20°10™40° May 31 
Eq. T (+) 2™278 
GAT 20°13"07° May 31 
r 4553™145W 
TAT 15"19™53° May 31 


In conversion from apparent to mean time, a second solution may be needed if 
the equation of time is large and changing rapidly, using the GAT for entering the 
almanac for the first solution, and using the GMT from this solution as the almanac 
entry value for the second solution. 

Apparent time can also be found by converting hour angle to time units, and 
adding or subtracting 12 hours. If LAT is required, but not GAT, conversion of arc 
to time should be made from LHA, rather than GHA, to avoid the need for conversion 
of longitude to time units. Equation of time can be found by subtracting mean time 
from apparent time at the same meridian. This method of finding apparent time and 
equation of time is the only one available with the Air Almanac, which does not tabulate 
equation of time. 

The navigator has little or no use for apparent time, as such. However, it can be 
used for finding the time of local apparent noon (LAN), when the apparent sun is on 
the celestial meridian. 

The mean sun averages out the irregularities in time due to the variations of the 
speed of revolution of the earth in its orbit and the fact that the apparent sun moves 
in the ecliptic while hour angle is measured along the celestial equator. It does not 
eliminate the error due to slight variations in the rotational speed of the earth. When 
a correction for the accumulated error from this source is applied to mean time, ephem- 
eris time results. This time is of interest to astronomers, but is not used directly by 
the navigator. 

1913. Sidereal time uses the first point of Aries (vernal equinox) as the celestial 
reference point. Since the earth revolves around the sun, and since the direction of 
the earth’s rotation and revolution are the same, it completes a rotation with respect 
to the stars in less time (about 3"56%6 of mean solar units) than with respect to the sun, 
and during one revolution about the sun (one year) it makes one complete rotation more 
with respect to the stars than with the sun. This accounts for the daily shift of the 
stars nearly 1° westward each night. Hence, sidereal days are shorter than solar 
days, and its hours, minutes, and seconds are correspondingly shorter. Because of 
nutation (art. 1417) sidereal time is not quite constant in rate. Time based upon the 
average rate is called mean sidereal time, when it is to be distinguished from the 
slightly irregular sidereal time. The ratio of mean solar time units to mean sidereal 
time units is 1:1.00273791. 

The sidereal day begins when the first point of Aries is over the upper branch of 
the meridian, and extends through 24 hours of sidereal time. The sun is at the first 
point of Aries at the time of the vernal equinox, about March 21. However, since the 
solar day begins when the sun is over the lower branch of the meridian, apparent solar 
and sidereal times differ by 12 hours at the vernal equinox. Each month thereafter, 
sidereal time gains about two hours on solar time. By the time of the summer solstice, 
about June 21, sidereal time is 18 hours ahead or six hours behind solar time. By the 
time of the autumnal equinox, about September 23, the two times are together, and by 
the time of the winter solstice, about December 22, the sidereal time is six hours ahead 
of solar time. There need be no confusion of the date, for there is no sidereal date. 
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Local sidereal time (LST) uses the local meridian as the terrestrial reference. At 
the prime meridian this is called Greenwich sidereal time (GST). The difference 
between LST at two meridians is equal to the difference of longitude between them, 
the place to the eastward having the later time. Local sidereal time is LHAT 
expressed in time units. To determine LST at any given moment, find GHAT by 
means of an almanac, and then apply the longitude to convert it to LHAY. Then 
convert LHAY in arc to LST in time units. 

Ezxzample.—Find LST at ZT 8"25™51* on May 31, 1958, for long. 103°16/3E. 


Solution.— aT 8°25™51° May 31 
ZD (—)7 
GMT 1°25™51® May 31 
1? 263°01'6 
257515 6°28'8 
GHA? 269°30/4 
aN 103°16/3E 
LHAYT -12°46/7 
Si 0°51™07° 

Unless GST is required, conversion from arc to time units should be made from 
LHAT, rather than from GHA, to avoid the need for converting longitude from are 
to time units. 

Conversion of sidereal to solar time is the reverse. Local sidereal time is converted 
to arc (LHA YT), and the longitude is applied to find GHA T. This is used as an argument 
for entering the almanac to determine GMT, which can then be converted to any other 
kind of time desired. This is similar to one method of finding time of meridian transit, 
described in article 2104. Normally, the problem is not encountered by the navigator. 

Sidereal time, as such, is little used by the navigator. It is the basis of star charts 
(art. 2204) and star finders (art. 2210), and certain sight reduction methods (notably 
H.O. Pub. No. 249), but generally in the form LHAY. This kind of time is used for 
these purposes because its celestial reference point remains almost fixed in relation to the 
stars. Sidereal time is used by astronomers to regulate mean time. Timepieces 
regulated to sidereal time can be purchased. 

1914. Time and hour angle.—Both time and hour angle are a measure of the phase 
of rotation of the earth, since both indicate the angular distance of a celestial reference 
point west of a terrestrial reference meridian. Hour angle, however, applies to any 
point on the celestial sphere. Time might be used in this respect, but only the apparent 
sun, mean sun, the first point of Aries, and occasionally the moon are commonly used. 

Hour angles are usually expressed in arc units, and are measured from the upper 
branch of the celestial meridian. Time is customarily expressed in time units. Sidereal 
time is measured from the upper branch of the celestial meridian, like hour angle, but 
solar time is measured from the lower branch. Thus, LMT=LHA mean sun plus or 
minus 180°, LAT=LHA apparent sun plus or minus 180°, and LST=LHAT. 

As with time, local hour angle (LHA), based upon the local celestial meridian, at 
two places differs by the longitude between them, and LHA at longitude 0° is called 
Greenwich hour angle (GHA). In addition, it is often convenient to express hour angle 
in terms of the shorter arc between the local celestial meridian and the body. This is 
similar to measurement of longitude from the Greenwich meridian. Local hour angle 
measured in this way is called meridian angle (t), which is labeled east or west, like 
longitude, to indicate the direction of measurement. A westerly meridian angle is 
numerically equal to LHA, while an easterly meridian angle is equal to 360°—LHA; 
also, LHA=t (W), and LHA=360°—t (E). Meridian angle is used in the solution of 
the navigational triangle (art. 1433). 
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Example 1.—Find LHA and t of the sun at GMT 3°24™16* on June 1, 1958, for 
long. 118°48/2 W. 


Solution.— 
GMT 35247168 June 1 


3" 225°36/0 

24716° 6°04/0 

GHA 231°40/0 
 118°48/2 W 

LHA 112°51/8 
t 112°51/8 W 


Example 2.—Find LHA and t of Kochab at ZT 18"24™47* on May 31, 1958, for 
long. 55°27'3 W. 


Solution.— Koen 
ZT 18"24™475 May oil 
ZD (+) 4 


GMT 22°24™478 May 31 
22 218°53/4 
247478 6°12'8 
SHA 1372122 
GHA 2°23/4 


r 55e20S eV: 
LHA 306°56/1 
t 53°03/9 E 
Problems 


1903a. What is the time and date 9"13™29° before 3°16™348 May 9? 

Answer.—T 18"03™05° May 8. 

1903b. What is the time and date 4419%22™50* after 9%31™04° on December 25? 

Answer.—T 4°53™54* on Dec. 30. 

1903c. What is the time and date 2 years, 11 months, 16 days, 10 hours, 23 minutes, 
and 48 seconds before 2"°46™178 on October 4, 1958? 

Answer.—T 16"22™298 on Oct. 17; 1955. 

1903d. What is the time and date 412 days, 15 hours, 6 minutes, and 56 seconds 
after 22°27"038 on March 16, 1958? 

Answer.—T 13°33™59* on May 3, 1959. 

1904a. Convert 6"28"315 to arc units, without use of a conversion table. 

Answer.—97°07'45” or 97°07/8. 

1904b. Convert 217°28’8 to time units, without use of a conversion table. 

Answer.—14"29™55®2 or 14"29™558, 

1904c. Convert 196°21’46” to time units, without use of a conversion table. 

Answer.—13"05™27°1 or 1B20SR27%: 

1904d. Convert 107°49'44” to time units, using appendix V. 

Answer.—7"11™198, 

1904e. Convert 211°37/3 to time units, using appendix V. 

Answer.—14406™2952, 

1904f. Convert 8°49™33* to arc units, using appendix V. 

Answer.—132°23/2. 


1904g. Convert 251°09/2 to time units, using appendix W. 
Answer.—16"44™378, 
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1904h. Convert 23°07"38° to time units, using appendix W. 

Answer.—346°54/5. 

1907a. For an observer at long. 97°24'/6E the ZT is 19"10™26°. 

Required.—(1) Zone description. 

(2) GMT. 

Answers.—(1) ZD (—) 6, (2) GMT 13"10™26:. 

1907b. The GMT is 11°32™078. 

Required.—(1) ZT at long. 133°24/7 W. 

(2) ZT at long. 111°43/9E. 

Answers.—(1) ZT 2°327078, (2) ZT 18°32™078. 

1907c. At long. 165°18'2E the ZT is 1790851° on July 11. 

Required.—(1) GMT and date. 

(2) ZT and date at long. 125°36/7 W. 

Answers.—(1) GMT 69087518 on July 11, (2) ZT 2208"51* on July 10. 

1907d. On January 26 the 0800 DR long. of a ship is 128°03/2E. Twenty-six 
hours later the EP long. is 125°01/4E. 

Required.—ZT and date of arrival at the second longitude. 

Answer.—ZT 0900 Jan. 27. 

1907e. On April 1 the 1200 running fix long. of a ship is 179°55'!2W. Eight hours 
later the DR long. is 178°48/9 E. 

Required.—ZT and date of arrival at the second longitude. 

Answer.—ZT 2000 Apr. 2. 

1907f. Inch’Sn, long. 137°E, uses ZD (—) 8°30™ for standard time. Find the 
standard time and date at San Francisco, long. 122°W, when the summer time at 
Inch’6n is 2000 on August 9. 

Answer.—ZT 0230 Aug. 9. 

1908a. At GMT 1400 on July 2 the chronometer reads 1°42™28°. At GMT 0800 
on July 12 it reads 7°42™40°. 

Required.—(1) Chronometer error at GMT 1400 on July 2. 

(2) Chronometer error at GMT 0800 on July 12. 

(3) Chronometer rate. 

(4) Chronometer time at ZT 1800 July 20, at long. 153°21'7 W. 

Answers.—(1) CE 17™32® slow, (2) CE 17™20° slow, (3) rate 1°2 gaining, (4) C 
a A285 i": 

1908b. On March 5 the DR long. of a ship is about 151°E, and the zone time 
is about 1800. Chronometer error is 640° fast. 

Required —GMT and date when the chronometer reads 8"02™23°. 

Answer.—GMT 7°55™43° on Mar. 5. 

1908c. On November 7 the EP long. of a ship is about 71°W, and the zone 
time is about 1900. Chronometer error is 1™18° slow. 

Required.—GMT and date when the chronometer reads (1) 11"55™20*, (2) 11°59™50°. 

Answers.—(1) GMT 23°56™38° Nov. 7, (2) GMT 0°01™08° Nov. 8. 

1908d. At GMT 2200 a comparing watch is checked by time signal, and found to 
read 10°00™05%. The chronometer errors are then determined by means of the com- 
paring watch. When the watch reads 10%06"00°, chronometer A reads 10"11™17*, and 
when the watch reads 10°08™00°, chronometer B reads 9"59™06°. 

Required.—(1) Watch error. 

(2) Error of chronometer A. 

(3) Error of chronometer B. 

Answers.—(1) WE 5° fast on GMT, (2) CE, 522° fast, (3) CE, 849° slow. 
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1910a. A chronometer 7"22° slow on GMT reads approximately 3'45™. About 
two minutes later, when the GMT is a whole minute, a comparing watch will be set 
to GMT exactly. 

Required.—(1) Reading of the watch at starting. 

(2) Reading of the chronometer. 

Answers.—(1) W 3'54™008, (2) C 3°46™38°. 

1910b. A chronometer 5™108 fast on GMT reads approximately 5"50™. About one 
minute later, when the GMT is a whole minute, a comparing watch with a 24-hour 
dial will be set to GMT exactly. The ZT is approximately 1145 and the long. 94° W. 

Required. —(1) Reading of the watch at starting. 

(2) Reading of the chronometer. 

(3) Watch error if, instead of being set to GMT, the watch setting is unchanged 
and the watch reads 17°45™32 at comparison. 

Answers.—(1) W 17°46™008, (2) C 5°51™10°, (3) WE 28% slow on GMT. 

1910c. A watch is set to zone time,approximately. The long. is about 160°E. The 
watch is compared with a chronometer which is 3™16° fast on GMT. When the 
chronometer reads 1°48™00°, the watch reads 12545™02°. 

Required.—Watch error on zone time. 

Answer.—WE 183 fast on ZT. 

1910d. On February 14 the DR long. is 63°46/1W. An observation of Dubhe is 
made when the watch reads 6"07"308 pm. The watch is 11% slow on zone time. 

Required —GMT and date. 

Answer.—GMT 2207™41° Feb. 14. 

1910e. On December 11 a watch is set to zone time, approximately. The long. is 
137°W. The chronometer is 3™36° fast on GMT. When the chronometer reads 
4"40™00°, the watch reads 7°36™068 PM. 

Required.—(1) Watch error on GMT. 

(2) GMT and date about 20 minutes later, when the watch reads 7555™52°. 

Answers.—(1) WE 259428 fast on GMT, (2) GMT 4°56™108 Dee. 12. 

1910f. Shortly before taking morning sights on January 17 the navigator compares 
his watch with the chronometer. When the chronometer reads 2°30™00%, the watch 
reads 6"13"12° am. The chronometer is 17"15° fast on GMT. The long. is 118° W. 

Required.—(1) C-W. ® 

(2) GMT and date a little later when Regulus is observed at W 6°28™47® am. 

Answers.—(1) C—W 816488, (2) GMT 14528™208 Jan. 17. 

191la. At long. 138°09/3 E the LMT is 009"578 on April 23. 

Required.—(1) GMT and date. 

(2) ZT and date at the place. 

Answers.—(1) GMT 14557™208 Apr. 22, (2) ZT 23"57™208 Apr. 22. 

1911b. At long. 157°18/4 W the LMT is 1931 on June 29. 

Required.—(1) ZT and date. 

(2) GMT and date. 

Answers.—(1) ZT 2000 June 29, (2) GMT 0600 June 30. 

191le. At long. 99°35/7 W the daylight saving time is 21°29™45* on August 31. 

Required —(1) Standard time and date. 

(2) LMT and date. 

Answers.—(1) Standard time 20°29™458 Aug. 31, (2) LMT 20551™22* Aug. 31. 

1912a. Find the LAT and date at ZT 5"26™13* on June 12, 1958, for long. 9928/1 E. 

Answer.—LAT 5°04™31° June 12. 
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1912b. At long. 77°15/5 W the LAT is 1500 on June 13, 1958. 

Required.—(1) ZT. 

(2) LMT. 

Answers.—(1) ZT 1508565, (2) LMT 1459™54, 

1912c. Using the Air Almanac, find (1) LAT at long. 117°55’ W, and (2) the Kq. 
T, at ZT 20°43™09° on June 1, 1958. 

Answers.—(1) LAT 20°53™44°, (2) Eq. T (+) 2™15°. 

1913a. Find LST at ZT 19°24™26* on June 1, 1958, for long. 87°51/2 E. 

Answer.—LST 11°53™568. 

1913b.—Find the ZT at LST 21"20™07* on May 31, 1958, for long. 54°21/3 W. 

Answer.—ZT 4°24™138. 

1914. Find LHA and t of the moon at GMT 9°25"07° on May 31, 1958, (1) for 
long. 43°19'0 W, and (2) for long. 43°19/0E. Use appendix V. 

Answers.—(1) LHA 118°54/8, t 118°54/8W; (2) LHA 205°32/8, t 154°27/2E. 


CHAPTER Xx 
SIGHT REDUCTION 


2001. Introduction.—The process of deriving from a celestial observation the in- 
formation needed for establishing a line of position is called sight reduction. The 
observation itself consists of measuring the altitude of a celestial body and noting the 
time. Although special methods may be used for finding certain coordinates such as 
latitude or longitude, the modern navigator generally thinks in terms of lines of posi- 
tion without regard to any special significance of these lines. The process of finding 
such a line of position may be divided into six steps: 

. Correction of sextant altitude (ch. XVI). 

. Determination of GHA and declination (ch. XVIII). 

. Selection of assumed position and finding meridian angle at that point. 
. Computation of altitude and azimuth. 

. Comparison of computed and observed altitudes (ch. XVII). 

6. Plot of the line of position. 

Broadly speaking, tables which assist in any of these steps can be considered 
sight reduction tables. However, the expression is generally limited to tables in- 
tended primarily for computation of altitude and azimuth. <A great variety of such 
tables exists. In chapter XXI various methods of sight reduction, including graphical 
and mechanical solutions, are contrasted. All are based, directly or indirectly, upon 
solution of the navigational triangle (art. 1433). Thus, the process of sight reduction, 
in its limited sense, is one of converting coordinates of the celestial equator system 
(art. 1426) to those of the horizon system (art. 1428). 

The U. S. Navy Hydrographic Office publishes a set of sight reduction tables 
giving tabulated solutions of the navigational triangle, intended primarily for use with 
the Nautical Almanac aboard ship. These Tables of Computed Altitude and Azimuth, 
popularly known by their publication number, “H.O. 214,” are widely used among 
mariners of various nations. In addition to the United States printing, editions are 
published by Great Britain, Spain, and Italy. They are suitable for reduction of 
nearly all observations made aboard ship, and will be used to explain the principles 
of sight reduction as given in this chapter. Extracts from H.O. Pub. No. 214 are 
given in appendix AA. 

2002. Preliminary computation.—Certain computations precede the use of sight 
reduction tables. The correction of the sextant altitude (hs) to find observed altitude 
(Ho), as explained in chapter XVI, is usually performed first, but not necessarily so. 
If any form of time other than GMT is used for timing the observation, it is first con- 
verted to GMT because this is the kind of time used for entering the almanacs. From 
the almanac, the GHA and declination are determined, as explained in chapter XVIII. 

To enter H.O. Pub. No. 214 and most other sight reduction tables, the following 
variables are needed: 

1. Latitude (L). 

2. Declination (d). 

3. Meridian angle (t). 

The latitude to use in entering the tables is that of the assumed position (AP). 
This latitude is usually called the assumed latitude (aL). The assumed position should 
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be in the general vicinity of the actual position, which, of course, is usually un- 
known. Several methods of selecting an AP are in use. The dead reckoning position 
or estimated position might be used. However, when H.O. Pub. No. 214 and certain 
other methods of sight reduction are used, unnecessary interpolation can be avoided 
by selecting an AP that will result in two of the three variables being exact entry values. 
In H.O. Pub. No. 214, altitudes and azimuths are given for each whole degree of latitude. 
Therefore, it is customary to select an AP on the nearest whole degree of latitude to the 
DR or EP at the time of sight. 

Declination is taken from the almanac, as explained in chapter XVIII. This value 
is used without adjustment to simplify the solution. 

Meridian angle is the angular distance that the celestial body is east or west of 
the celestial meridian. It is found from local hour angle (LHA), which, in turn, is 
found from Greenwich hour angle by adding east longitude or subtracting west longitude. 
A time diagram (art. 1427) is useful in visualizing this relationship. 

Example 1.—The GHA is 168°42‘6. 

Required.—The LHA and t at (1) long. 137°24'6 W, and (2) 158°24'7E. 


Solution.— 
(1) GHA 168°42/6 (2) GHA 168°42/6 
rX 137°24'6 W  158°24'7 E 
LHA 31°18/0 LHA 327°07/3 
t 31°18/0W tee 32°5227 EB 


In west longitude, if GHA is less than longitude, add 360° to GHA before subtract- 
ing. In east longitude, if the sum exceeds 360°, subtract this amount. If LHA is 
less than 180°, it is numerically equal to meridian angle, which is labeled W (west). 
If LHA is greater than 180°, t is 360°—LHA and is labeled E (east). 

In H.O. Pub. No. 214, t (labeled ‘“‘H.A.”) is given at intervals of 1°. If t is to 
be a whole degree, the longitude of the assumed position, called assumed longitude (a)), 
must be selected so that no minutes of are will remain after it is applied to GHA. 
This means that in west longitude the mimutes of a\ must be the same as those of 
GHA; while in east longitude the minutes of a\ must be equal to 60’ minus the minutes 
of GHA. 

Ezample 2.—The GHA is 57°18°9. 

Required.—The LHA, t, and AP for use with H.O. Pub. No. 214 without inter- 
polation for t or L, if the DR position is (1) lat. 11°48"8N, long."151°Ssi3 W; and 
(2) lat. 62°21'7 N, long. 4°31/3 E. 


Solution.— 
(1) GHA” °57°18"9 (2) GHA 57°18'9 
ar 152°18/9 W an 4°41/1K 
LHA 265°00!0 LHA 62°00/0 
t 95°00/0E t 62°00/0 W 
aL 12°00/0N aL 62°00/0N 
ar -152°18'9 W arn 4°41 15 


2003. Tables of Computed Altitude and Azimuth (H.0O. Pub. No. 214).—These 
popular sight reduction tables are published by the U. S. Navy Hydrographic Office 
in nine volumes, each covering 10° of latitude in increments of 1°. For each degree 
of latitude there is a series of tables, with cutaway tabs providing quick reference to 
the first page of the tables for that latitude. Declination entries are given at intervals 
of 0°5 from 0° to 29°. Beyond this, 37 selected declination entries are given to provide 
solutions for all of the stars listed on the daily pages of the almanacs, and most of the 
additional stars listed near the back of the Nautical Almanac. A total of 96 declination 
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entries are given for each latitude, arranged eight to a page. Each declination entry 
is given at the top of a column. The third variable, meridian angle, is given in the 
column at the extreme left and right sides of each page. These columns are labeled 
“H.A.”, the abbreviation for “hour angle,” the expression formerly used for meridian 
angle, but replaced because of confusion with local hour angle, Greenwich hour angle, 
etc. Meridian angle entries are given at intervals of 1° from 0° at the top of the page 
to the maximum value at which the altitude is 5° or greater. 

At most page openings, separate tables are given for declination having the same 
name (N or 8) as the latitude and those having contrary name (one N, the other S). 
That is, declination values on the left-hand page (same name) are duplicated on the 
right-hand page (contrary name). A maximum of ninety-one meridian angle entries 
(0°-90°) are given on the left-hand page (same name). As either the declination or the 
latitude increases, the number of same-name entries increases, and the number of 
contrary-name entries decreases. When the same-name entries exceed 90° of meridian 
angle, the additional ones are placed on the right-hand page, below the contrary-name 
entries. At extreme values of declination and latitude there are no contrary-name 
entries, the same-name entries occupying both pages. 

In each declination column there are four sets of figures. The first, given in bold 
type, is the altitude (labeled ‘‘Alt.”’”) to the nearest 0/1. F ollowing this is Ad in small 
type. This is the change of altitude for a unit change of declination. Except when 
the value is 1.0, entries are given in hundredths of a unit, although the position of 
the decimal point is not shown. Following Ad, and also in small type, is At, the change 
of altitude for a unit change of meridian angle. This is given in the same form as Ad. 
The last set of figures in the column is the azimuth angle (labeled ‘‘Az.’’), to the nearest 
Weak 

At latitude 0° the arrangement is modified because there is no “same”’ or ‘‘con- 
trary” name of declination. Here a single set of declination entries is given. Decli- 
nation replaces latitude as the prefix label for azimuth angle. 

Following the altitude-azimuth section of each latitude is a two-page star identifi- 
cation table. The use of this table is explained in article 2213. 

On the inside front cover and its facing page is a speed-time-distance table, which 
is useful in advancing or retiring lines of position, as well as for other purposes. This 
table contains information similar to that in table 19 of this publication, but in some- 
what different form. Volume VIII and older printings of other volumes have sextant 
altitude correction tables on these pages. 

Following the speed-time-distance table is an are to time conversion table. 

Following the title page and preface are given a description of the tables, and sample 
problems. 

On the inside back cover and facing page is given a “multiplication table” to 
multiply Ad or At by the number of minutes between the declination or meridian 
angle and the value used for entering the main table. This is used in interpolating 
the altitude for declination or meridian angle. 

On the two pages next preceding the multiplication table is given a somewhat 
similar table to provide easy interpolation for latitude. 

The use of the various parts of H.O. Pub. No. 214 is explained in articles 2004-2007 
and 2213. The primary purpose of H.O. Pub. No. 214 is to provide an easy method 
of sight reduction for use with the Nautical Almanac aboard ship. It may also be 
used with the Air Almanac, and for solution of any spherical triangle for which entry 
values are given. Therefore, it can be used in great-circle sailing for determining the 
initial course and the distance. 
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In the British edition (H.D. 486) the main tables are identical to those of H.O. 
Pub. No. 214, being a reproduction of the United States tables, but arranged with 15° of 
latitude in each of six volumes. The explanation has been rewritten to suit British 
usage. The Spanish edition is identical to H.O. Pub. No. 214, except that the ex- 
planation is in Spanish. The Italian edition is based on H.O. Pub. No. 214. 

2004. H.O. Pub. No. 214 solution by Ad only.—If interpolation is made for all 
three variables—latitude, declination, and meridian angle—a triple interpolation is 
needed. A simpler solution, almost universally used with H.O. Pub. No. 214, is to 
select an assumed position that will eliminate interpolation for latitude and meridian 
angle, leaving a simple interpolation for declination. 

Example.—Find computed altitude (He) and azimuth (Zn) if aL is 41°00‘0N, d 
is 22°14/3N, and t is 36°00/0 W. 

Solution.— 

t 36°00'0W 


d 22°14/3N d diff. 14/3 
aL 41°00‘0N 


ht 54°16'8 Ad (+)0.65 Z N111°0W 
corr. (+) 9/3 

He,,.54°26.1 

Zn 249°0 

The main table is entered with the three variables, t, d, and aL (being sure to 
note whether d and al are of same or contrary name); and the values of ht (tabulated 
altitude, labeled “‘Alt.”’ in H.O. Pub. No. 214), Ad, and Z are taken directly from the 
table, without interpolation. The tabulated altitude (ht) is the computed altitude 
(Hc) for the values used for entering the table. The designation ht is used to dis- 
tinguish it from the He obtained by applying a correction to the value taken from the 
table. 

The declination entry argument used should be the tabulated entry nearest the 
declination for which a solution is sought, normally differing by not more than half 
a degree. The difference between this value and the actual declination is recorded 
as ‘“‘d diff.” No sign (+ or —) is assigned to this value. It is good practice to show 
Ad asa decimal, even though it is not tabulated in this way. The sign of this value should 
be determined carefully by inspection of the main table of H.O. Pub. No. 214.  Inter- 
polation of altitude for declination is made between the base value taken from the 
table and the value given on the same line in the next column to the right or left. 
The choice of the second column depends upon the actual declination. If it is greater 
than the value used for entering the table, use the next column to the right, and if less, 
use the next column to the left. If the value in the second column is greater than the 
base value, the sign is plus (+), and if less, the sign is minus (—). The accuracy of 
this important step can be checked by comparing the computed altitude (Hc) with 
the altitudes given in the main table of H.O. Pub. No. 214. If Ad has been given the 
correct sign (and applied correctly), He should lie between the tabulated altitudes in 
the columns for tabulated declination next smaller and next larger than the actual 
declination. 

The azimuth angle is given a prefix N or S to agree with the latitude, and a suffix 
E or W to agree with the meridian angle. For this reason it is good practice to label 
these values when they are recorded. 

The next step is to multiply Ad by d diff., to interpolate between the altitude 
entries for consecutive declination columns. In most instances, the easiest way to do 
this is to use the multiplication table on the inside back cover of H.O. Pub. No. 214 and 
its facing page, entering separately with minutes and tenths of minutes of Ad and 
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adding the two parts. The correction, which is recorded below ht, is given the sign of 
Ad. The correction is then added or subtracted, in accordance with its sign, to ht. 
The answer is computed altitude (Hc). 

Azimuth (Zn), which is recorded below He, is found by converting azimuth angle 
(Z) in accordance with its labels, as explained in article 1428. Usually, azimuth 
angle is found without interpolation. For exceptions to this practice, see article 
2007. 

If Ad is changing rapidly, or when it changes sign (at the maximum altitude for 
the given meridian angle and latitude), interpolation may be somewhat less accurate 
than in other parts of the tables, but this should not introduce a large error unless the 
celestial body is near the zenith, when the method of H.O. Pub. No. 214 is not recom- 
mended. 

2005. H.O. Pub. No. 214 solution by Ad and At is similar to that using Ad only, 
but with the additional step of interpolating between the altitude entries for consecutive 
meridian angle entries, in a similar manner to interpolation for declination. 

Example.—Find computed altitude and azimuth if aL is 41°00'0N, dis 20°48/75S, 
and t is 22°14/0K. 


Solution.— 
t 22°14/0E t diff. 14/0 t corr. (—) 4/2 
d 20°48’7S de difi. 1153 d corr. (+) 10°8 
aL 41°00/0N corr. (+) 6/6 
ht 24°43/1 Ad (+) 0.95 At (—) 0.30 ZN 157°94E 
corr. (+) 6/6 
He 24°49/7 
mm "157-4 


In this solution, t diff. is the difference between the meridian angle and the nearest 
whole degree of t used for entering the table. The t corr. is t diff. x At, found by 
using the same multiplication table used for the d corr. The sign of At is found by 
inspection of the main table. In this example interpolation is between the base alti- 
tude for t 22°, and the altitude for t 23°. Since the altitude for t 23° is less than that 
for t 22°, the correction should be subtracted, so that the interpolated value will lie 
between the two values between which interpolation is being made. The sign of Ad 
is found by comparing the altitude for d 21°00’ with that for d 20°30’. The total 
correction is the algebraic sum of the t corr. and d corr. 

The principal advantage of this solution is that a round of sights can be worked and 
plotted from the same assumed position. However, this advantage is offset by the 
additional length of the solution. The method is little used. 

2006. H.O. Pub. No. 214 solution by Ad, At, and AL.—If the altitude and azimuth 
at a particular place are desired, interpolation should be made for all three variables, t, 
d, and L, if needed. The change in altitude for a change of latitude of 1’ (AL) is not 
tabulated. The table on the two pages preceding the multiplication table of H.O. 
Pub. No. 214 is used for finding the correction for latitude. 

Ezample.—Find computed altitude and azimuth if alis 41°12°85S, d is 21°32/58, 
and t is 8°52/3 W. 


Solution.— as = 
tS OZ aL, t diff. 7/7 t corr. 2/4 
d 21°32'5S d,difl, .2%5 d corr. 2/4 
aL 41°12'8S Lo ditt. 1278 L corr. i es 
ht 69°04/0 Ad (+)0.94 At (+) 0.32 sum 4/8 11/7 
corr. (—) 6/9 corr. (—)6/9 
He 68°57/1 Z S156°0 W 


Zn 336°0 
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The corrections for meridian angle and declination are found as explained in 
articles 2004 and 2005. The L corr. is found by entering the correction table with 
azimuth angle and L diff., the difference between the latitude of the assumed position 
and the nearest whole degree used for entering the main table. It is customary to inter- 
polate in this table, where applicable, but the error introduced by not doing so is always 
less than 0/3 if the nearest whole degree of azimuth angle is used. The sign of the 
latitude correction is determined by the rules given at the bottom of the correction 
table. The total correction is the algebraic sum of the three individual corrections. 

All of these are altitude corrections. The azimuth is that corresponding to the 
values used for entering the main table. If the exact value at the place is desired, it 
can be found by interpolation, as explained in article 2007. If such an interpolation is 
made, the interpolated value should be used for entering the latitude correction table 
for altitude interpolation. 

2007. Interpolation for azimuth.—In sight reduction for plotting lines of position, 
it is not customary to interpolate for azimuth angle when H.O. Pub. No. 214 is used. 
However, if greater accuracy is desired, as for determining compass error, triple interpo- 
lation should be made. This is customarily accomplished by entering the main table 
of H.O. Pub. No. 214 with the nearest values of t, d, and L, and taking out the corre- 
sponding tabulated value. Simple eye interpolation is then used to determine separately 
the correction for each of the three variables. The algebraic sum of these is the cor- 
rection applied to the base value. The Ad, At, and AL corrections are not used because 
these refer to the altitude, not the azimuth. Corrections are made to azimuth angle 
before it is converted to azimuth. 

Example.—Find the azimuth by interpolation if Lis 41°25'9 S, dis 22°19°6 N, and 
t is 179224 KE. 


Solution.— 
+ pws 
t 7e4iey Sit diffs40°4...+Zidiftt G2) 15 0ad theorr: 0°4 
d 22°3N  ddiff. 0°02 Zdiff. (—)0°1 d corr. — 
L 41°48 L diff. 0°4 Z diff.(+)0°2 Leorr. 0°1 
tabiill62?7 sum 0°1 0°4 
corr. (—)0°3 corr. (—)0°3 
Z S8$162°4E 
Zn 017°6 


The corrections are determined by inspection. In this example the tabulated 
value used as a base is compared with the value for the same d and L, but t 18°, to 
determine the t corr. Similarly, it is compared with the value for the same t and L, 
but d 22° to determine the d corr.; and with the value for the same t and d, but L 42° 
to determine the L corr. Interpolation is between whole degrees of t and L, but be- 
tween half degrees of d. For declinations of more than 29°, the d interpolation interval 


varies. 
If azimuth is needed to a greater precision than the nearest tenth of a degree, it 


should be determined by H.O. Pub. No. 260 or 261 (art. 2126), or by computation 
(art. 2125). 

2008. Complete solution.—The complete solution includes all of the parts listed 
in article 2001. Because of the various alternatives available for the separate parts, 
a large number of variations might be used in the complete solution. The following 
examples combine some of the most commonly used variations. 

Example 1.—On May 31, 1958, the 1425 DR position of a ship is lat. 40°39-6 N, 
long. 64°17/2 W. At watch time 2°25"51° pM the navigator observes the lower limb of 
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the sun with a marine sextant having an IC of (—) 2/0, from a height of eye of 36 feet. 
The watch is 23° fast on zone time. The hs is 56°10/9. 
Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the Nautical 


Almanac. 


Solution.— 
May 31 Sun Ape @ AMES 
W 2525™51° pM 1932175518 eee IC 2°0 
WE (F) 23° corr. (+) 0/1 (+) 0/3 D 5/8 
ZT —- 1482 5ma88 d 21°55/2N @ 15/3 
ZD (+)4 sum 15/3 7/8 
GMT _1825™28° May 31 corr. (eGo: 
185 90°36/8 hs 56°10/9 
25™28° 6°22/0 Ho 56°18/4 
GHA 96°58'8 
ar 63°58/8 W 
LHA 33°00/0 
t 33°00/0 W 
d 21°55/2N d diff. 4/8 
aL 41°00‘/0N 
ht 56°22'2 Ad (—)0.67 Z N114°2W 
corr. (—)3/2 


He 56°19/0 
Ho 56°18/4 

a 0.6A 
Zn 245°8 


aL 41°00‘/0N 
ad 63°58'8 W 


It is good practice to have a standard work form. If this is not printed, or on 
a rubber stamp, it should be copied in its entirety before the solution is started. The 
first step should then be to fill in the known information. If the solution for observed 
altitude is made first, this value can then be copied in the main solution at the left of 
the form, so that it will be ready for comparison when He is determined. The best 
form to use is that which the individual navigator finds most logical and least likely to 
result in errors. Those shown in appendix Q, and used here, are slight modifications 
of forms developed at the United States Naval Academy, where they evolved as a 
result of long experience. Their use reduced materially the number of mistakes 
made in solutions. Some navigators include a time diagram (art. 1427) in the form, 
immediately below the name of the celestial body, as a check both on the time and 
meridian angle computation. 

There is a growing tendency among navigators to keep the navigational watch set 
to GMT. This is particularly helpful when a number of observations are made, as 
during twilight, to eliminate the need for repeated application of watch error and zone 
description, and determination of Greenwich date. The use of a GMT watch is 
illustrated in the following example of a complete sight of the moon: 

Example 2.—On June 2, 1958, the 0420 DR position of a ship is lat. 41°07’6 N, 
long. 131°51/2 W. At GMT 13%24™52° the navigator observes the upper limb of the 
moon with a marine sextant having an IC of (+)1/5, from a height of eye of 29 feet. 
The hs is 7°40/1. 


Required —The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the Nautical 
Almanac. 
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Solution.— 
June 2 Moon 
GMT 13524™52* June 2 138 19°09/5S_ d 
13" 185°38/0 corr. (+) 0/1 (+)0/3 
24™52° 5°56/0 =o d 19°09’6S 
corr. 2°5 (+) 6/0 


GHA 191°36/5 
ay 131°36'5 W 
LHA 60°00/0 


t 60°00'0 W 

d 19°09‘6S d diff. 9/6 
aL 41°00‘0N 

ht  8°14/0 Ad (—)0.75 

corr. (—) 773 

He 8°06!7 
Ho  8°12'0 

a 5.3T aL 41°00/0N 
Zn 235°8 an 131°36!5W 


509 
+ tf - 

TCyy L.55 
D 512 

C 61/0 

U 4/6 
add’l 30/0 


sum 67/1 35/2 
corr. (+) 31/9 


hs 7°40/1 
Ho 8°12/0 
Zin JN 124° 2.\V 


Occasionally it is desired to solve an observation for the estimated position of the 


ship. 


Example 3.—During morning twilight on June 1, 1958, the 0624 EP of a ship is lat. 
41°12'3S, long. 178°39'2 E. At ZT 6524™57° the navigator observes Saturn with a 
marine sextant having an IC of (—) 1/0, from a height of eye of 53 feet. The hs is 


20°52 '3. 


Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad, At, AL) and the 


Nautical Almanac. 


Solution.— 
June 1 Saturn 
ZT 6° 24°57" 18° 2175077 > 
ZD(—)12 corr. 0/0 0/0 
GMT 18°24™57° May 31 d 21°50/78 
18" 25596143 
24™578 6°14/3 v 
corr. (+) 1/1 (4+) 2°7 
GHA 262°06/7 
anr 178°39/2 E 
LHA 80°45/9 
t 80°45'9 W t diff. 14/1 
d 21°50'78S d diff. 9/3 
aL Alel 2. Gos L diff. 12/3 
ht 20°48'5 Ad(—) 0.60 At(-+) 0.74 
corr. (+)7'4 


He 20°55°9 
Ho 20°41°7 

a 14.2 A aL 41°12'38S 
Zn 258°4 ay 178°39'2 E 


+ S — 
IC 170 
D vaca! 
-P 7a 
sum 10‘6 
corr. (—)10/6 
hs 20°52/3 
Ho 20°41/7 
a _ 
t corr. 10/5 
d corr. 516 
Lreorr)! 275 


sum 13-07%=, 5.6 
corr. (+)7'4 
Z S78°4W 
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The local date is used as the heading of the first column of the solution. The 
Greenwich date is recorded opposite GMT. In this example, the two dates are dif- 
ferent. Even when they are the same, it is good practice to record both dates, to 
avoid possible error. It is desirable to show all closely related information on the 
same line, as t, t diff., and t corr. This is not always possible because of interference 
of other information. When this occurs, the form is changed in a way to cause the 
least upset to the usual form. Thus, in this example, it would be desirable to show ht, 
Ad, At, and Z on the same line and in the order these values are taken from H.O. Pub. 
No. 214. However, the sum of the t, d, and L corrections is at the logical place for Z, 
which is therefore kept in the same column, but moved down two spaces. 

Example 4.—During evening twilight on June 1, 1958, the 1730 DR position of a 
ship is lat. 40°39'2S, long. 75°01‘/2 E. At GMT 12531™17° the navigator observes 
Arcturus with a marine sextant having no IC, from a height of eye of 38 feet. The 
hisris'7 50.25 

Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the Air 
Almanac. 


Solution.— 
June 1 Arcturus + 5+ — 
GMT 125317178 June 1 IC — — 
125307 76°59’ D 6’ 
esa hele 19’ R ac 
SHA §  146°33’ sum — ey 
GHA 223°51’ corr. Gare 
GN geetoc09” EE hs 1°56! 
LHA 299°00’ Ho 42° 
t 61°00’ E 
d 19°24’ N d diff. 6’ 
aL 41°00’ S 
ht 7°1470 Ad (+)0.75 7 °S193°8 
corr. (+)4/5 
He 7°18/5 
Hoga °42’ 
a 24° T aL 41°00’S 
Zn 056°2 ar 75°09’ E 


Both ht and its correction are shown to tenths of a minute of arc, to avoid a 
possible error of 1’ in the algebraic sum, He. 

There is no significance to the type of solution and almanac used with the various 
celestial bodies shown in the examples above. The combinations used for examples 1 
(sun) and 2 (moon) are most commonly used by marine navigators, but the other two 
are shown to illustrate variations sometimes used at sea. 

2009. Precomputation.—Sometimes it is desired to determine computed altitude 
before the observation, generally for the purpose of obtaining a line of position quickly 
after the observation has been completed. This is called precomputation. When it is 
done, sextant altitude corrections are generally applied with reversed sign to He to obtain 
precomputed altitude (Hp), which is then compared directly with hs to obtain the 
altitude difference for plotting a line of position. Where altitude is needed for entering 
correction tables, the computed altitude (Hc) is used. The error introduced by this 
practice is negligible except at low altitudes, where the corrections should be adjusted 
by using the Hp to reenter the tables. If greater accuracy is required, limit precom- 
putation to He and Zn, and apply corrections to the sextant altitude after observation. 
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Example——On June 2, 1958, the 1025 DR position of a ship is lat. 42°21/4S, 
long. 118°47'1W. The navigator plans to observe the lower limb of the sun at this 
time with a marine sextant having an IC of (+)2/5, from a height of eye of 25 feet. 

Required.—(1) Precomputed altitude by H.O. Pub. No. 214, Ad only, (2) the a, 
Zn, and AP if hs is 22°23/6. Use Nautical Almanac. 


Solution.— 
June 2 Sun +O -— 
ZT —10®25™008 183 22°T14N eG IC 2/5 
ZD (+)8 corr. (+)0/1 (+)0/3 D 4/9 
GMT 18525700 June 2 @ 22°11, 5.N © 1317 
18" 90°32'3 sum 16/2 4/9 
25™00° 6°15/0 corr. (+)11'3 
GHA 96°47/3 
an 118°47'3 W 
LHA 338°00/0 
t 22°00/0 E 
d 2238 5 N dedifiz— 1175 
aL 42°00/0S 
ht 22°5015 Ad (—)0.95 Zs 5157-9 E 


corr. (—) 11/0 
He 22°39'5 
corr. (+) 11/3 (rev.) 
(1) Hp O2728.2 
hs 22°23.6 
(2) —a 46A aL 42°00‘0S 
Zn @2251 ar 118°47'3 W 


At the AP used in the calculation, Hp is correct only for the time used. However, 
if the observation is made early or late, the same Hp and Zn can be used by moving 
the AP along the parallel of latitude, eastward for early observations, or westward for 
late observations, a distance equal to 0/25 of longitude for each second (15'0 for each 
minute) difference between actual and predicted times. This adjustment is based 
upon the assumptions that the apparent motion of the body is westward at the rate 
of 15° per hour, and the declination is constant. Over the seconds or minutes likely 
to be involved, these assumptions and the possible increased length of the plotted lines 
do not introduce a significant error, except possibly for the moon. 

2010. Low altitudes.—When Hc is determined by inspection tables such as H.O. 
Pub. No. 214, a minimum tabulated altitude may be available. In H.O. Pub. No. 214, 
altitudes below 5° are not given. These tables can be used for low-altitude observations 
by selection of an AP that will result in He being 5° or greater. To do this, proceed as 
follows: At the time of observation, note the approximate azimuth of the celestial body. 
Plot the azimuth line through the DR or EP and measure off, toward the celestial body, 
a distance equal to 6°—hs (or 6°—Ho). Select the AP in relation to this point as if it 
were the DR or EP. Occasionally it may be necessary to use 7°—hs (or 7°—Ho). 
The increased length of the altitude difference line does not introduce a significant 
error over the distance that a rhumb line can be considered identical to a great circle. 
Only in high latitudes is this a problem, and here the error can be virtually eliminated 
by using a chart projection on which a great circle plots as a straight line or approxi- 
mately so. The error introduced by using a rhumb line to represent the circle of equal 
altitude (the line of position) is not increased because the AP selected is near the 


azimuth line. 
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Ezample-—On June 1, 1958, the 1625 DR position of a ship is lat. 43°39/7S, 
long. 15°07'0W. At GMT 17°24™22° the navigator observes the lower limb of the 
sun as it breaks out below an overcast, shortly before setting. He uses a marine sextant 
having no IC, and makes his observation from a height of eye of 52 feet. The hs is 
1°00°8, air temperature (art. 1614) 24°F, and the atmospheric pressure (art. 1615) 
30.16 inches. The sun’s azimuth is approximately 305°. 

Required.—The a, Zn, and AP using H.O. Pub. No. 214 (Ad only), the Nautical 
Almanac, and tables 23 and 24. 


Solution.— 
June 1 Sun + OQ = 
GMT 17524™22° June 1 10 2203 Ne IC — = 
Wheat ase eB Fh corr. (+)0/1 (+)0/3 D fa 
24™22° §=6°05/5 d-22°03°2'N sum — TO 
GHA 81°40/2 corr. (—)7/0 
ar 20°40/2W hs 1°00/8 
LHA 61°00/0 hr 0°53'8 
t 61°00/0W 
d 22°03/2N d diff. 3/2 © 9/1 
aL 41°00/0S TI fos 
ht 53218 Ad(—)0.75 ZS125°5W B 0/3 
corr. (—) 2/5 sum — 10/7 
He 55193 corr. (—)10°7 
Ho 0°43/1 hr 0°53/8 
a 276.2A aL 41°00/0S Ho 0°43/1 
Zn 305°5 an 20°40/2 W 


Refer to figure 2010. From the 1625 DR position, the approximate azimuth of 
305° is plotted, as shown by the broken line. Along this line a distance of 6°00/0— 
0°43'1=5°16'9, or 316.9 miles, is measured, locating the point labeled A. The AP is 
selected with respect to this point as if it were the DR position. The sight is plotted 
from this AP as in any observation. If it makes the plot easier, record a in the solution 
in degrees and minutes of arc instead of in miles (5°19'3—0°43/1=4°36 /2—276/2=— 
276.2 miles). 

Large altitude differences can be avoided by using a method of solution that 
provides for low altitudes. Among such methods are H.O. Pub. No. 249; nearly any 
trigonometric method such as the cosine-haversine formula, H.O. Pub. No. 208, or H.O. 
Pub. No. 211; and most graphical and mechanical methods. All of these methods are 
discussed in chapter XXI. Ifa trigonometric method is used, the signs of the various 
functions (or special rules) should be used if there is a possibility of He being negative. 
The rules needed for H.O. Pub. No. 208 and H.O. Pub. No. 211 are given in articles 
2110 and 2111, respectively. The need for special care can be eliminated by using 
an assumed position about half a degree or more from the DR position or EP, in the 
direction of the celestial body, if the altitude is less than 030i 

By any method of solution, if either He or Ho (but not both) is negative, the 
altitude difference is found by numerically adding the two altitudes. Thus, if He is 
(+) 0°12'6 and Ho is (—) 0°03°2, the altitude difference, a, is 15°8, or 15.8 miles. The 
positive altitude is greater than the negative one. Therefore, the a in this case is 
away. If both He and Ho are negative, the difference is found by subtraction, but in 
this case the one which is numerically smaller is the greater altitude. Thus, if He is 
(—) 0°09'6 and Ho is (—) 0°04'3, the altitude difference is 5.3 'T’. 


SIGHT, REDUCTION 513 


21°W 20°W 19°W 18°W 17°W 16°W 15°W 
40°S 


41°S 


42°S 


43°S 


44°s 
21°W 20°W 19°W 18°W 17°W 16°W 15°W 


Figure 2010.—Selecting an AP for low-altitude solutions by H.O. Pub. No. 214. 


2011. High altitudes are usually avoided for at least two reasons. First, bodies 
near the zenith are difficult to observe. A star or planet is difficult to “bring down”’ 
to the horizon. It is not always easy to determine the azimuth accurately, and when 
near the zenith, a body may be changing azimuth rapidly. On the other hand, such 
observations are little affected by astronomical refraction. The second reason for 
avoiding high altitudes is one of geometry. As the altitude increases, the radius of 
the circle of position decreases. For a body near the zenith, the radius is so small 
that the use of a straight line to approximate the circle may introduce serious error. 

With higher altitudes, it is good practice to avoid use of lines of position extending 
a considerable distance from the azimuth line. Since the decrease in radius is gradual, 
there is no one altitude at which the curvature becomes excessive. However, a safe 
general rule, if one is needed, is to use the DR position or EP as the assumed position, 
and interpolate for azimuth angle, for all altitudes greater than 70°. The purpose of 
this is not primarily to decrease the altitude difference, as sometimes suggested, but to 
decrease the length of the line of position. 

Within perhaps three degrees of the zenith, the curvature of the circle of position 
becomes so great that even for a short distance a straight line is not an adequate repre- 
sentation of the circle. At these altitudes, it is good practice to plot the line of position 
as a circle. This is done by using the geographical position (GP) of the celestial body 
as the center, and the zenith distance as the radius. Hence, no sight reduction tables 
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are needed. The same body can be used for obtaining a fix from two observations 
separated by several minutes. In celestial navigation, as in piloting, a circle of position 
is advanced or retired by moving its center. 

Example-—On May 31, 1958, the 1224 DR position of a ship is lat. 20°17'4 N, 
long. 50°07‘4W. The ship is on course 127°, speed 18 knots. Using a marine sextant 
having no IC, the navigator observes the lower limb of the sun twice, from a height of 
eye of 65 feet. The first observation is made at GMT 15"15™15*, and hs is 88°01/1. 
The second observation is made at GMT 15"24™13°, and hs is 87°34'7. The GHA of 
the sun at GMT 15"15™158 is 49°25/9. Use the same declination as at GMT 15°24™13°. 

Required —The 1224 fix. 


Solution.— 

May 31 Sun feu Oe 
GMT 15°15™15* May 31 d 21°5471N i 
GHA 49°25/9 D 7/8 

© 15/9 
GPL, 21°54/1N sum 15/9 78 
GP, 49°25/9W corr. G31 
radius 110.8 mi. hs 88°0171 
Ho 88°09/2 
Z 1°50/8 
May 31 Sun Oa 
GMT 15®24"13® May 31 15" 21°5470N. d 1 = = 
15® 45°37/1 corr. (+)0/1 (+)0’3 De 78 
24™13® 6 °03/3 d 21°54/1N ay sae = 

° i . . 

GHA 51°40/4 at (4)8i1 
GPL, 21°5441N hs 87°34/7 
GP vA, 51°40/4 W Ho 87 °42/8 
radius 137.2 mi. Z 2°1772 


Answer.—1224 fix: L 20°09/0N, \ 50°06/0 W. 

The plot of this problem is shown in figure 2011. No significant error would be 
introduced by assuming the same declination and sextant altitude correction for both 
observations, and a change of GHA equal to the arc equivalent of the time difference 
between observations (art. 1904). In east longitude the GP longitude would be 
360°—GHA. 

Problems 


2002a. The GHA is 51°47/3. 

Required—The LHA and t at (1) long. 138°14/1 W, and (2) 65°11/7E. 

Answers.—(1) LHA 273°33/2, t 86°26/8E; (2) LHA 116°59/0, t 116°59/0W. 

2002b. The GHA is 135°17/3. 

Required.—The LHA, t, and AP for use with H.O. Pub. No. 214 without interpola- 
tion for t or L, if the DR position is (1) lat. 71°36/9N, long. 137°25/3W, and (2) 
lat. 8°14/1S, long. 96°41/7E. 

Answers.—(1) LHA 358°00/0, t 2°00'0E, aL 72°00/0N, aa 137°17'3W; (2) LHA 
232°00/0, t 128°00/0E, aL 8°00/0S, ad 96°42'7K. 
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52°W 51°W 50°W 49°W 
Figure 2011.—Plotting high-altitude observations. 


2004. Find computed altitude (Hc) and azimuth (Zn) if aL is 42°00‘08, d is 
21°09/5N, and t is 11°00‘0E. 

Answers.—He 26°01'6, Zn 011°4. 

2005. Find computed altitude and azimuth if aL is 41°00! OS, d is 20°49/1S, and 
ase y a WM Be 

Answers.—Hce 52°40/1, Zn 291°3. 

2006. Find computed altitude and azimuth if aL is 41°53'4N, d is 19°45/8S, 
and t is 18°12'7 W. 

Answers.—He 26°05/1, Zn 198°8. 

2007. Find the azimuth by interpolation if L is 41°33‘7 N, d is 20°18°75S, and t is 
56°40'5 KE. 

Answer.—Zn 127°5. 

2008a. On June 1, 1958, the 0425 DR position of a ship is lat. 41°07'3N, long. 
153°03’9E. At GMT 18°2516° (May 31) the navigator observes Saturn with a ma- 
rine sextant having no IC, from a height of eye of 30 feet. The hs is 9°1374. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the Nautical 
Almanac. 

Answers.—a 2.0 A, Zn 230°3, aL, 41°00/N, ad 152°48°6E. 

2008b. On June 2, 1958, the 0625 DR position of a ship is lat. 40°38/1S, long. 
24°08’3K. At watch time 6"24™48® am the navigator observes the upper limb of the 
moon with a marine sextant having an IC of (—)2’7, from a height of eye of 56 feet. 
The watch is 19* slow on zone time. The hs is 14°38! 8. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad. At) and the Nautical 


Almanac. 
Answers—a 7.1A, Zn 257°9, aL 41°00/0S, ad 24°08°3E. 
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2008c. During the morning of June 2, 1958, the 1025 DR position of a ship is 
lat. 41°12'3S, long. 13°45'7W. At GMT 11525™42* the navigator observes the lower 
limb of the sun with a marine sextant having an IC of (+)1/0, from a height of eye 
of 38 feet. The hs is 23°37/3. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad, At, AL) and the 
Nautical Almanac. 

Answers.—a 16.5T, Zn 022°3, aL 41°12/3S, ad 13°45/7 W. 

2008d. During evening twilight on June 1, 1958, the 2100 DR position of a ship 
is lat. 40°47/3N, long. 67°28/7W. At ZT 21°08"01* the navigator observes Arcturus 
through a break in the clouds, with a marine sextant having no IC, from a height of 
eye of 42 feet. The hs is 65°31’8. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the Air 
Almanac. 

Answers.—a 7T, Zn 146°8, aL, 41°00’N, ad 67°33’ W. 

2009. On June 3, 1958, the 0625 DR position of a ship is lat. 41°03‘7S, long. 
104°25'6E. The navigator plans to observe the upper limb of the moon at this time 
with a marine sextant having no IC, from a height of eye of 57 feet. 

Required.—(1) Precomputed altitude by H.O. Pub. No. 214 (Ad;-At-Ali)res(2) 
The a, Zn, and AP if hs is 19°09’8. Use Nautical Almanac. 

Answers.—(1) Hp 19°07/1;(2) @ 2.7T, Zn 261°6, aL 41°03/7S, ad 104°25’/6E. 

2010a. On June 2, 1958, the 0725 DR position of a ship is lat. 45°07/3S, long. 
48°05'8E. At GMT 4°25™21° the navigator observes the lower limb of the sun shortly 
after the upper limb disappears behind an overcast, soon after sunrise. He uses a 
marine sextant having an IC of (+) 1/2, and makes his observations from a height of 
eye of 35 feet. The hs is 0°45/2, air temperature 30°F, and the atmospheric pressure 
29.74 inches. The sun bears approximately 050°. 

Required.—The a, Zn, and AP using H.O. Pub. No. 214 (Ad only), the Nautical 
Almanac, and tables 23 and 24. 

Answers.—a 289.1A, Zn 053°8, aL 42°00/0S, ad 53°06/0E. 

2010b. If He is 5°09’2 and Ho is (—)0°034, find a. 

Answer.—a 5°12'6A, or 312.6A. 

2010c. If He is (—)0°18’4 and Ho is (—) 0°0173, find a. 

Answer.—a 17.1T. 

2011. On June 2, 1958, the 1225 DR position of a ship is lat. 23°47/8N, long. 
130°13'2E. The ship is on course 200°, speed 20 knots. Using a marine sextant 
having an IC of (—) 2/2, the navigator observes the lower limb of the sun twice, from 
a height of eye of 43 feet. The first observation is made at GMT 3°10™35%, and hs is 
87°34'8. The second observation is made at GMT 3°25™10*, and hs is 87°13’4. .The 
GHA of the sun at GMT 3°10™35* is 228°12/6. Assume no change in declination 
between observations. 

Required.—The GP at the time of each observation, the radius of each circle of 
position, and the 1225 fix. 

Answers.—GP L, 22°06'5N, GP >, 131°47/4 K, GP L, 22°06/5N, GP 2, 
128°08'7 E; radius, 137.9 mi., radius, 159.3 mi.; 1225 fix: L 22°52'5N, \ 130°17/1 BE. 


CHAPTER XXxI 
COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


2101. Introduction.—Before the development of a means of determining accurate 
time at sea (art. 127), longitude could not be found by celestial observation. Celestial 
bodies were used for determination of latitude, and as an indication of direction, often 
in a very general way. The development of the marine chronometer opened up a 
whole new vista to the navigator. Immediately, methods began to appear to utilize 
this new dimension of navigation. During the two centuries that have elapsed, many 
of the best minds have been directed to the problem of providing easier or more adequate 
methods of ‘‘reducing’’ the observations to a form suitable for determination of position. 

2102. Kinds of methods.—Various ‘‘special”’ methods have been devised to take 
advantage of some unique relationship to provide a simplified solution. The most 
widely used are latitude methods for determination of latitude by meridian altitude 
or observation of Polaris, and longitude methods for determination of longitude by 
observation of a body near the prime vertical. Both latitude and longitude methods 
have now been largely superseded by the altitude method, based upon the discovery 
of the altitude difference, or intercept, by the Frenchman Marcq St.-Hilaire (art. 131). 
Most modern methods are of this type, although some latitude and longitude methods 
are still in use. 

The most commonly used methods utilize computation for determining certain 
information which is then plotted as a line of position, two or more such lines being 
needed for a fix. The “method” might consist of one or more formulas to be solved 
by general mathematical tables, a set of special tables conveniently arranged for use 
with the formulas, or a set of tables constituting a list of computed answers. A method 
which determines latitude or longitude separately requires no plot. In fact, a plot 
would be misleading unless the celestial body were almost exactly on the celestial 
meridian or prime vertical, or unless the azimuth were considered. While a number of 
methods determine latitude and longitude by computation, without plotting, other 
methods substitute a graphical or mechanical solution for computation. 

2103. Meridian altitudes.—If a celestial body is on the celestial meridian at the 
time of observation, a modification of the high-altitude method (art. 2011) can be used 
at any altitude, without plotting the GP. Both GP and observer are on the same 
meridian, and the difference of latitude between them is the zenith distance of the body 
(90°—Ho). The direction of the GP is the direction faced during observation (unless 
a backsight is made). The line of position is a latitude line. 

Example 1.—At GMT 16"24™15° on June 2, 1958, the navigator observes the lower 
limb of the sun on the celestial meridian, bearing north. He makes the observation 
with a marine sextant having an IC of (+) 2/6, from a height of eye of 33 feet. The hs 
is 29°14'6. 

Required.—The latitude. 
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Solution.— 

June 2 Sun + © '— 

GMT 16°24715* June 2 16" 2271077 N 2 ft Cre 44s, 
corr. (+)0/1 (+)0/3 D 5/6 

GP L 22°10/8N d 22°10'/8N © 1473 
l 60°34/1S sum 16/9 5'6 
L 38°23/3S corr. (+) 11/3 
hs 29°14'6 
Ho 29°25'9 
Z 60°34/1 


Since the observer faces north, he is south of the GP. The GP latitude is equal to 
the declination, and the difference of latitude is equal to the zenith distance of the body. 
Since the body is known to be over the meridian, a knowledge of the longitude is not 
needed. Neither is a knowledge of the approximate latitude of the observer needed, 
but this information is useful, as it provides a check to prevent a gross error. Also, it 
can serve as the basis for precomputation, most of the solution being made before 
observation. The time is needed only for determining declination. If the body is 
observed at lower transit, the latitude is equal to observed altitude (Ho) plus polar 
distance (p=90°—d) of the body: L=Ho-+p. 

If an observation is made near but not exactly at meridian transit, it can be solved 
as a meridian altitude, with one modification. Enter table 29 with the approximate 
latitude of the observer and the declination of the body, and take out the altitude 
factor (a). This is the difference between meridian altitude and the altitude one minute 
of time later (or earlier). Next, enter table 30 with the altitude factor and the difference 
of time between meridian transit and the time of observation, and take out the correc- 
tion. Add this value to Ho if near upper transit, or subtract it from Ho if near lower 
transit. Then proceed as for a meridian altitude, remembering that the value obtained 
is the latitude at the time of observation, not at the time of meridian transit. This 
method should not be used beyond the limits of table 30 unless reduced accuracy is 
acceptable. This process is called reduction to the meridian, the altitude before 
adjustment an ex-meridian altitude, and the observation an ex-meridian observation. 
It requires knowledge of the meridian angle, which depends upon knowledge of longitude. 
If reasonable doubt exists regarding the longitude, the azimuth of the body at the time 
of observation should be determined, and the line of position drawn perpendicular to it 
(through the point defined by the “observed” latitude and the assumed longitude), 
rather than as a latitude line. There are alternative methods available. A correction 
to latitude can be applied, using the factor f from table 26. In 1899 A. A. Vilkitskiy, a 
captain in the Russian Navy, developed a mechanical device for determining the cor- 
rection to be applied for reduction to the meridian. 

Several hundred years ago, when longitude could not be found accurately, and 
logarithms had not been invented, the finding of latitude furnished the only reliable 
navigation available on long sea voyages. Since most of these were in a generally 
easterly or westerly direction, it became common practice to sail first to the latitude of 
destination (‘“cun down the latitude’’) and then to follow this parallel until landfall was 
made. The meridian observation of the sun at local apparent noon was the most 
important navigational event of the day, and became a well-established routine. On 
the basis. of this observation at “high noon,” clocks were reset, and a new day, the 
nautical day, began. Intentional meridian altitudes of other celestial bodies were not 
as widely used as those of the sun. 
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As accurate time became available at sea, and then more convenient tables and 
more accurate almanacs appeared, the noon sight lost its importance. Since the modern 
inspection table has been available, the use of meridian altitudes has decreased rapidly, 
and reduction to the meridian has all but disappeared. True, the solution of a meridian 
altitude is simple and quick, but this is more than offset by the need for determining the 
time at which to make the observation (art. 2104), the dislike of many mariners for 
having to make an observation at a predetermined time, the inconvenience sometimes 
experienced when local apparent noon occurs at a time when other activities conflict 
with observation, and the possibility of missing the observation because of overcast 
conditions. The practice of observing a body when a line of position is desired, and 
solving those which happen to have a meridian angle of 0° or 180° in the same manner 
as other observations, is a growing practice that eliminates the need for remembering a 
separate procedure for bodies on the celestial meridian. The modern navigator thinks 
primarily in terms of lines of position, rather than of latitude and longitude observations. 

Example 2.—On June 2, 1958, the 1225 DR position of a ship is lat. 41°21'2S, 
long. 127°07'3W. At GMT 20°25™48° the navigator observes the lower limb of the sun 
with a marine sextant having no IC, from a height of eye of 40 feet. The hs is 26°20'1. 

Required.—(1) The a, Zn, and AP, using H.O. Pub. No. 214 (Ad only) and the 
Nautical Almanac. 

(2) The latitude at the time of observation. 


Solution.— 
June 2 Sun + Q — 
GMT 20°25748* June 2 2022 12.0'N a IC — — 
Ppale0 oe... corr. (+)0/1 (+)0‘3 D 6/1 
257485 6°27/0 d. 22°12 "UN © 14/1 
GHA 126°59/1 sum 14/1 6/1 
ar 126°59/1 W corr. (+) 8/0 
LHA  0°00/0 hs 26°20/1 
t  0°00/0 Ho 26°2871 
Gee. toc UN calee bs itions, Lay) 
aL 41°00/0S 
ht 27°00/0 Ad (—)1.0 Z $180°0 (E or W) 
corr. (—) 12/1 
He 26°47/9 
Ho 26°28/1 
(1) a 19.8A aL 41°00/0S 
Zn 000°0 an 126°59'1W 


(2) L 41°19/8S 


Since the azimuth is 000°, the line of position is a latitude line. It is 19°8 south 
(away from 000°) of the assumed latitude of 41°00‘0, or latitude 41°19'8 5S. . 

When Ad is 1.0, the altitude changes one minute for each one minute change of decli- 
nation. Therefore, the correction to ht is numerically equal to d diff. For this reason, 
no entry is given in the ‘multiplication table” for aA value of 100 (1.0). A A value 
of 1.0 should not be confused with one of 0.01 or 0.10. 

2104. Finding time of meridian transit.—If a meridian altitude is to be observed, 
other than by chance, a knowledge of the time of transit of the body across the meridian 
is needed. 

On a slow-moving vessel, or one traveling approximately east or west, the time 
need not be known with great accuracy. The right-hand daily page of the Nautical 
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Almanac gives the GMT of transit of the sun and moon across the Greenwich meridian 
(approximately LMT of transit across the local meridian) under the heading “Mer. 
Pass.’’ In the case of the moon, an interpolation should be made for longitude. This 
is performed in the same manner as finding the LMT of moonrise and moonset (art. 
1812). In the case of planets, the tabulated accuracy is normally sufficient without 
interpolation. The time of transit of the navigational planets is given at the lower 
right-hand corner of each left-hand daily page of the Nautical Almanac. The tabulated 
values are for the middle day of the page. These times are the GMT of transit across 
the Greenwich meridian, but are approximately correct for the LMT of transit across 
the local meridian. Observations are started several minutes in advance and continued 
until the altitude reaches a maximum and starts to decrease (a minimum and starts 
to increase for lower transit). The greatest altitude occurs at upper transit (and the 
least at lower transit). This method is not reliable if there is a large northerly or 
southerly component of the vessel’s motion, because the altitude at meridian transit 
changes slowly, particularly at low altitudes. At this time the change due to the vessel’s 
motion may be considerably greater than that due to apparent motion of the body 
(rotation of the earth), so that the highest altitude occurs several minutes before or 
after meridian transit. 

If the moment at which the azimuth is 000° or 180° can be determined accurately, 
the observation can be made at this time. However, this generally does not provide 
a high order of accuracy. 

If the longitude is known with sufficient accuracy, the time of transit can be 
computed. A number of methods of computation have been devised, but perhaps the 
simplest is to consider the GHA of the body equal to the longitude if west, or 360°-\ 
if east, and find the time at which this occurs. 

Ezxample.—Find the zone time of meridian transit of the sun at longitude 156° 
44°2 W on May 31, 1958. 


Solution.— 
May 31 
r 156°44/2 W 
GHA 156°44/2 
Te 15023674 
24™3 18 ~ 6°07/8 
GMT 22°24™31° May 31 
ZD (+)10 (rev.) 


ZT 1224™31° 


This solution is the reverse of finding GHA. The largest tabulated value of 
GHA that does not exceed the desired GHA is found in the tabulation for the day, and 
recorded, with its time. The difference between this value and the desired GHA is 
then used to enter the “Increments and Corrections” table. The time interval cor- 
responding to this value is added to the time taken from the daily page. If there is av 
correction, it is subtracted from the GHA difference before the time interval is deter- 
mined. For such bodies, the Air Almanac solution is easier, but not as precise by a 
fraction of a second of time. The GMT can be converted to any other kind of time 
desired. If the Greenwich date differs from the local date at the time of transit (for 
the sun this can occur only near the 180th meridian), a second solution may be needed. 
This possibility can often be avoided by making an approximate mental solution in 
advance. As the basis for this approximate solution, it is convenient to remember that 
the GMT of Greenwich transit (GHA 0°) is about the same as the LMT of local transit. 
To find the time of transit of a star, subtract its SHA from the desired GHA to find the 
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desired GHAT. Determine the time corresponding to GHA, as explained above for 
the sun. 

Aboard a moving vessel, the longitude at transit usually depends upon the time 
of transit. An approximate mental solution may provide a time sufficiently close. 
In the absence of better information, use ZT 1200 for the sun. Find the time of transit 
for the position at this time, and then make an adjustment, if necessary, for the sun 
between 1200 and the time found by computation. This adjustment is equal to four 
seconds for each minute of longitude involved. If the ship is west of the 1200 position 
at the computed time of transit, add the correction; and if east, subtract it. For high 
accuracy a second adjustment may occasionally be needed, but this is seldom justified 
because of the uncertainty of the vessel’s position. 

The time of transit of the sun can also be found by means of apparent time (art. 
1912). Meridian transit occurs at LAT 12200™00%. This can be converted to any 
other kind of time desired. 

2105. Latitude by Polaris——Another special method of finding latitude, available 
in most of the northern hemisphere, utilizes the fact that Polaris is less than 1° from 
the north celestial pole. As indicated in 
article 1432, the altitude of the elevated A 
pole above the celestial horizon is equal to 
the latitude. Since Polaris is never far from 
the pole, its observed altitude (Ho), with 
suitable corrections, is the latitude. 

Three corrections are commonly applied. 
The first, and principal one, is illustrated in 
figure 2105. In this figure, P is the north 
celestial pole, and the circle is the path fol- 
lowed by Polaris as it circles the pole daily. 
When Polaris is directly above the pole, at 
A, on the upper branch of the celestial merid- 
ian, the polar distance (90°—d) is subtracted 
from Ho to obtain latitude. At B, on the 


lower branch of the celestial meridian, this B 
value is added. At C and C’, with meridian 
angle approximately 90° E or W (see below), Figure 2105.—Latitude by Polaris. 


there is no correction. At any other point, 

such as D, the correction is between these extreme values, being equal to the polar 
distance multiplied by the cosine of the meridian angle (approximately). This is 
shown at D’P. 

The second correction corrects for the tilt of the diurnal circle of Polaris with 
respect to the vertical. Refer again to figure 2105. Zero correction occurs at C and 
©’, when Polaris is at the same altitude as the north celestial pole. Thus, point C, 
P, and C’ are all on a parallel of altitude, which is a small circle everywhere the same 
angular distance above the celestial horizon. However, a meridian angle of 90°R 
or W occurs when Polaris is on an hour circle 90° from the celestial meridian. These 
90° hour circles are not horizontal, like the circle of equal altitude, but are tilted down- 
ward toward the celestial horizon, which they cross at the prime vertical. Therefore, 
these 90° hour circles (EPE’) do not intersect the diurnal circle of Polaris at C and 
C’ but at E and E’, which are at a lower altitude than the pole. The discrepancy 
between these points (C-E and O’-E’) increases as the latitude increases from zero 
at the equator to a maximum at the pole. 
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The third correction is needed because Polaris, being near the celestial pole, has a 
relatively large change in coordinates due to precession of the equinoxes (art. 1419) 
and aberration (art. 1417). The correction is the difference between actual coordi- 
nates and those used for the first correction. 

In the Polaris correction tables of the Nautical Almanac, a constant is added to 
each correction so that all tabulated values are positive. The sum of the constants is 
1°. Therefore, this value (1°) is subtracted from the result. The table at the top of 
each Polaris correction page is entered with LHA Aries, and the first correction (dp) 
is taken out by single interpolation. The second and third corrections (a; and a», 
respectively) are taken from the double entry tables without interpolation, using the 
LHA Aries column with the latitude for the second correction and with the month 
for the third correction. 

Example.—During morning twilight on June 2, 1958, the 0525 DR position of a 
ship is lat. 15°43‘6N, long. 110°07/3W. At watch time 5°24™49° am the navigator 
observes Polaris with a marine sextant having an IC of (—)3/0, from a height of eye 
of 44 feet. The watch is 23° slow on zone time. The hs is 16°24/0. 

Required.—The latitude. 


Solution.— 
June 2 Polaris + + - 
Ww 5"24™498 am <8 = ie 3/0 
WE (S) 238 do 30.2) Gen D 6/4 
ZT 5"25™128 a, 0.043 w-P 33 
ZD (+)7 ane0%3 sum (—)12°7 
GMT 12'25™12° June 2 add’l 60/0 corr. (—)12!7 
128 T2740) sum 33/8 60/0 hs 16°24/0 
25™128 6°19/0 corr.  (—)26’2 Ho 16°TT3 


GHA? 76°46/0 
r 110°07/3 W 
LHAY 326 °38/7 
Ho 16°17 0-3 
corr. (—) 26/2 
L 15°45.1,N 


Since LHAY is an entering value in all three correction tables, and since this is 
affected by the longitude, other observations, if available, should be solved and plotted 
first, to obtain a good longitude for the Polaris solution. For greater accuracy, par- 
ticularly in higher latitudes, and especially if considerable doubt exists as to the longi- 
tude, it is good practice to find the azimuth of Polaris and draw the line of position 
perpendicular to it, through the point defined by the latitude found in the computation 
and the longitude used in the solution. The azimuth at various latitudes to 65°N is 
given below the Polaris corrections. This table can be extrapolated to higher latitudes, 
but Polaris would not ordinarily be used much beyond latitude 65°. In the example 
given above the azimuth is 000°9. 

The Air Almanac provides only the first correction, which it designates Q. 

; Polaris observations can be solved like those of other celestial bodies, using the dec- 
lination and SHA given in the tabulation near the back of the Nautical Almanac, if a 
method of solution providing for such a high declination is available. H.O. Pub. No. 
214 is not designed for solution of Polaris observations. 

Like other special solutions, latitude by Polaris has lost much of its popularity since 
modern Inspection tables have become available. Being of magnitude 2.1, Polaris 
is not a bright star. It is normally considered available to the mariner only during 
twilight, when the azimuths of various celestial bodies relative to each other are of 
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more interest than an “easy’’ solution which is little, if at all, simpler than the usual 
solution by inspection table. If provision were made for solution of Polaris sights by 
inspection table, the special method would no longer be needed for ordinary navigation. 

2106. Longitude methods.—A celestial observation for a line of position, whether 
reduction is to be by longitude method or by latitude method, consists of measurement 
of the altitude ofa body with the noting of the time. If sight reduction is to be by the 
longitude method, the latitude must be known, or the best estimate used. With 
altitude, latitude, and declination (from the almanac), one is able to solve the naviga- 
tional triangle (art. 1433) for meridian angle. This is converted to local hour angle. 
The Greenwich hour angle at the time of observation is determined by means of the 
almanac. The difference between the GHA and LHA is the longitude. A time dia- 
gram (art. 1427) is useful in establishing the correct relationship. 

Longitude can also be determined by establishing the exact time of meridian 
transit, at which time the GHA (or 360°—GHA) is the longitude (art. 2104). 

If the latitude is known accurately, the longitude method provides a direct and 
relatively simple solution for position. However, since latitude is rarely known to 
the desired accuracy, a line of position is usually needed. This is obtained by either 
(1) solving for longitude at two or more assumed latitudes, and drawing a straight 
line through the points thus found (the Sumner method), or (2) solving for longitude 
at one point, determining the azimuth at this point, and drawing the line of position 
through the single point thus found, perpendicular to the azimuth of the body. 

The error introduced in the computed longitude as a result of an inaccurate latitude 
used in the solution increases as the celestial body departs from the prime vertical. 
If it is learned that an incorrect latitude has been used in the solution, a correction 
can be applied, using the factor F from table 26. If the body is near the celestial merid- 
ian, a small error in the latitude introduces a large error in the longitude. At any 
location, the azimuth of the body can be determined by observation or computation, 
and a line of position drawn perpendicular to it, through the position defined by the 
latitude used in the computation, and the calculated longitude. Alternatively, solution 
can be made at two or more latitudes, and the line of position drawn through the two 
positions. It was the use of this second method in 1837 by Captain Thomas H.Sumner, 
when his latitude was in doubt, that led to the discovery of the line of position from 
celestial observation (art. 131). 

No longitude method is more accurate than the GMT used for timing the observation. 
Before chronometers (art. 1514) and time signals (art. 1909) were available, relatively 
few navigators attempted to determine longitude, and it was never established reliably. 
The search for a method of “discovering” longitude at sea was primarily a search for a 
means of determining time at the Greenwich meridian (arts. 126, 127). 

If the longitude is to be determined, most accurate results are obtained by ob- 
servation of a body on the prime vertical. The observation having been made, sight 
reduction can be made by time sight or, more conveniently, by an ordinary solution 
for a line of position, using an inspection table such as H.O. Pub. No. 214. Any general 
method of sight reduction can be used, without need for a special solution. 

Solution by the longitude method is usually called a time sight. The various 
longitude methods are all basically the same, differing only in choice of formulas and 
arrangement of tables. The basic formula is 
__sin h—sin L sin d 

cuir cos L cos d 
in which t is the meridian angle, h is the altitude, L is the latitude, and d is the declina- 
tion. Early tables for solution of meridian angle were called horary tables. 
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The time sight came into use following the development of the marine chronometer 
in 1763. Solution for meridian angle is usually by the formula 


hav t=sec L esc p cos s sin (s—h), 


in which p=90°—d if L and d have same name, and 90°-+d if L and d have contrary 
names; and s=% (h+L-+p). 
When azimuth angle is used with the method, it is usually computed by one of the 
formulas 
sin Z=sin t cos d sec h 
or 
hav (180°—Z)=sec h sec L cos s cos (s—p). 


There are no rules with this method, but it is subject to possible large errors in 
high latitudes or if the body has a high declination. Various special tables have ap- 
peared for solution of the time sight: 

Cassini. The first “inspection tables’ were probably prepared by M. Cassini, a 
Frenchman, in 1770. These “horary tables’ provided tabulated solutions for meridian 
angle. 

Lalande. The horary tables prepared in 1793 by Jerome Lalande, a Frenchman, 
provided tabulated solution for meridian angle for the sun and stars for all latitudes 
to 61°. 

Lynn Horary Tables, by Thomas Lynn, a commander of the East India Company 
Service, were published in 1827. These 242-page tables consisted of tabulated solutions 
of meridian angle computed by the time sight formula. Two years later they were 
followed by a volume of 364 pages of azimuth angle (Lynn Azimuth Tables) computed 
by the haversine azimuth formula. Entries are given for whole degrees of latitude to 
60°, declination to 24°, and altitude to 60° (later 90°). The tables are accurate and 
well arranged, but the triple interpolation is tedious. 

Hommey. Louis Hommey’s Table d’angles horaires (horary tables), published in 
two volumes in France in 1863, contained more than 40,000 hour angles calculated for 
“all latitudes.” These tables were an improvement on those of Cassini and Lalande. 

Martelli. In 1873 a small volume of 49 pages by G. F. Martelli, an Italian, was 
published in New Orleans. This book, called simply Tables of Logarithms, provided a 
relatively short, fast solution for meridian angle, with very few rules and only one 
interpolation. Martelli abandoned the inspection table and provided five short tables 
for a four-place logarithmic solution by the formula 


cos (L~d)—cos Z. 
2 cos L cos d 


Solution required six book openings, six table entries, and four mathematical steps. 
Hour angles were given only to eight hours, and no provision was made for azimuth. 
This method proved very popular, and is still used among navigators of several 
countries. A 1932 edition was published in Glasgow, Scotland, with explanations in 
French, Dutch, Italian, and Spanish, as well as in English. A 1944 edition added 
provision for finding azimuth angle, and for solution by the altitude method. 
Thomson. A table of only nine pages by Sir William Thomson, better known as 
Lord Kelvin, was published in London in 1876 to provide a solution for the longitude 
method. This very thin volume, called 7; ables for Facilitating Sumner’s Method at Sea, 
contains the first known solution by dividing the navigational triangle into two right 
triangles. In 1849 Towson (art. 2126) had divided the triangle in the same manner, 
but his solution was for reduction to the meridian. Lord Kelvin divided the triangle 
by dropping a perpendicular from the celestial body to the celestial meridian of the 


hav t= 
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observer, as shown in figure 2111. He used a for the length of the perpendicular 2», 
b for x, and 6’ for w (of fig. 2111). His solution uses the formulas 


; sin a 
sin t= ) 
cos d 

sin d 
b=——_ 
cos a 


sin h=cos a cos 0’, 
sin a 
cos h 


sin z= 


The tables are entered with half the colatitude (using colatitude to the nearest 
whole degree) in column 6. With a pair of dividers, search is made in the ‘‘cohypo”’ 
column for two numbers, one agreeing with the altitude, and the other with the dec- 
lination. The number in column A opposite the altitude in the cohypo column is the 
azimuth angle, and that opposite the declination is the meridian angle, interpolation 
being used if needed. The line of position is adjusted for the difference between the 
interpolated altitude and the observed altitude. 

Although the tables are among the shortest of the various methods, their manipula- 
tion is difficult. In 1880 Kortazzi, a Russian astronomer, attempted to modify the 
tables to provide an easier solution, but without great success. 

Davis’ Chronometer Tables, providing a solution for the longitude method, were 
published in 1897 in London. They are similar to Lynn’s tables, using his values but 
providing assistance in interpolation by adding values of change with latitude, declina- 
tion, and altitude. As with Lynn, a separate volume is given for azimuth angle, in 
which there is no interpolation. Originally Davis’ tables were limited to latitude 50° 
and declination 24°, but later tables were published for declinations 23° to 64°. 
A limited number of altitude entries is given. 

Blackburne. Tables by H. S. Blackburne, a New Zealander, were published in 
London in 1914 under the title The Excelsior Azimuth and Position Finding Table. 
The tables, providing a solution by the longitude method, are similar to Lynn Horary 
Tables and Davis’ Chronometer Tables but with a new determination of azimuth based 
upon the ratio of variation of latitude to variation of meridian angle. Azimuth angles 
(ten pages) are given in a separate tabulation in the same volume with meridian angles 
(242 pages). 

Blackburne’s arrangement is more modern than that of Davis. This was the 
first publication to include columns for variations of t for 1’ of declination, latitude, 
and altitude. Meridian angles are given to 0%1. Latitude is limited to 30°, and 
declination to 23°. 

Rust. In 1918 the Practical Tables for Navigators and Aviators, by Captain 
Armistead Rust, USN, were published in Philadelphia. This small volume of 37 pages 
of tables reverted to a logarithmic solution, as did Martelli’s, using the following formula 
for determining meridian angle: 


log hav t=log sec L+log sec d+log * [cos (L~d)—sin hj. 


The volume has three tables. Table A tabulates log secants for obtaining the 
first two terms of the formula. Table B is a double-entry table giving log 4 [cos (u~d) 
—sin h]. Table C gives log haversines. Values are given to four places. 

Azimuth angle is obtained from an original diagram computed from the well-known 


formula 
sin Z=sin t cos d sec h. 
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This diagram had been given in a volume of ex-meridian tables by Rust published in 
1908. In the Practical Tables an auxiliary diagram was added to indicate the meridian 
angle when the celestial body is on the prime vertical. The purpose of the diagram is to 
resolve possible ambiguities when the azimuth angle is near 90°. The Rust azimuth 
diagram was used later by Goodwin and Weems, and in the Italian Tavole H (art. 2110). 

Goodwin. The Alpha, Beta, Gamma Navigation Tables of H. B. Goodwin, an 
Englishman, were first published in London in 1921. This is a small volume having 
two tables with a total of 34 pages. Meridian angle is found from the formula 


cos (L~d)—cos z 
cos L cos d 


ver t= 


Table I has two values, a being the angle in seconds of arc, and 6 being four-place 
natural cosines multiplied by 1,000 to eliminate the decimal. Table II provides vy, 
the logarithms for the values of versine t. 

The Rust diagram is used for determining azimuth angle. 

Instructions are included for use of the tables for altitude method of solution, 
and for reduction to the meridian. 

H.O. Pubs. Nos. 203 and 204 (Littlehales), The Sumner Line of Position of Celestial 
Bodies, were published by the U. S. Navy Hydrographic Office in 1923. These tables, 
prepared by George W. Littlehales, provide in two large volumes (847 and 675 pages, 
respectively) tabulated solutions of the meridian angle and azimuth angle, using the 
general time sight formulas. The arrangement is similar to that of Davis and Black- 
burne, but t and Z are tabulated together in consecutive columns. Latitude is limited 
to 60°, and declination to 27° in H.O. Pub. No. 203 and to 64° in H.O. Pub. No. 204. 
Interpolation for latitude is avoided by using the nearest whole degree, and shifting 
the line of position for the difference between the altitude at this latitude and the 
observed altitude. 

These publications are no longer in print. 

Soule and Dreisonstok. In 1932 these two Americans prepared a small volume 
providing a logarithmic solution of the longitude method, using the formulas 


1 __secs esc (s—h) 
hav t sec Leese p 


and 
1 __sec s sec (s—p) 
hav (180°—Z) sec Lsech_ ’ 


where s=}% (h+L+p) and p=90°+d. 
The “azimuth” determined in this way is the direction of the line of position 
(Z+90°) rather than that of the celestial body. 


Weems’ Secant Time Sight was published in 1944 by Captain P. V. H. Weems, 
USN (Ret.), to provide a short solution based entirely upon secants and cosecants, 
using the formulas 


sec s esc (s—h) 


2 1/ 
esc* % t= 
/ sec L sec d 
and 
ese t sec d 
csc Z=——__——_ , 
sec h 


where s=% (h+L+p). A Rust azimuth diagram is included for those who prefer a 
diagrammatic solution. 

2107. Finding time on prime vertical.—Best results by time sight are obtained 
when the celestial body is on the prime vertical. As explained in article 1432, a celestial 
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body having a declination of opposite name to the latitude crosses the prime vertical 
below the horizon. Its nearest visible approach is at the time of rising and setting. 
If a celestial body has a declination of the same name as the latitude, but is numer- 

ically greater, it does not cross the prime vertical. Its nearest approach (in azimuth) 
is at the point at which its azimuth angle is maximum. At this point the meridian 
angle is given by the formula 

sec t=tan d cot L, 
and its altitude by the formula 

esc h=sin d ese L. 


A celestial body having a declination of the same name as the latitude, and numer- 
ically smaller, crosses the prime vertical at some point before it reaches the celestial 
meridian, and again after meridian transit. At these two crossings of the prime 
vertical, the meridian angles are equal and are always less than 90°. They are given 
by the formula 

cos t=tan d cot L. 


The altitudes are also equal, and are given by the formula 
sin h=sin d ese L. 


Meridian angle and altitude of bodies on the prime vertical, and similar data for 
the nearest approach (in azimuth) of those bodies of same name which do not cross the 
prime vertical, are given in table 25 for various latitudes, and for declinations from 0° to 
23°, inclusive. Similar information can be determined by means of H.O. Pub. No. 
214, entering with latitude and declination, and finding the meridian angle and altitude 
corresponding to an azimuth angle of 90° (or the maximum azimuth angle for nearest 
approach). Since this information is generally not required to great accuracy, inter- 
polation is not needed. 

To find the time of crossing the prime vertical, convert t to LHA, and add west 
longitude or subtract east longitude to find GHA. The GMT at which this GHA occurs 
can be found, as explained in article 2104, and converted to any other time desired. 

Ezample.—Determine (1) the approximate zone time, and (2) the approximate 
altitude of the sun when it crosses the prime vertical during the afternoon of May 30, 
1958, at lat. 51°32/3 N, long. 160°21‘7 W, using table 25 and the Nautical Almanac. 


Solution.— 
May 30 
t 71°6 W (from table 25) 
LHA 71°6 
nN 160°4 W 
GHA = 232°0 
oS 225°6 
26™ 6°4 


GMT 0326 May 31 
ZD(+)11  (tev.) 
(1) ZT 1626 May 30 
(2) h 28°4 (from table 25) 

At the time of crossing the prime vertical, or at nearest approach (in azimuth), a 
celestial body is changing azimuth slowly, and therefore this is considered a good time 
to check compass deviation or to swing ship. 

The prime vertical at any place is the celestial horizon of a point 90° away, on the 
same meridian. ‘Therefore, a celestial body crosses the prime vertical at approximately 
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the same time it rises and sets at the point 90° away. ‘Thus, if one is at latitude 
35° N, the sun crosses his prime vertical at about the same time it rises or sets at 
latitude 55°S. If time of sunrise and sunset are to be obtained accurately by this 
method, corrections must be applied for semidiameter and refraction. 

2108. Altitude methods, like longitude methods, require an accurately timed 
observed altitude of a celestial body. Usually, in both types of solution, the naviga- 
tional triangle is solved, but in the altitude method, t, d, and L are used in solving for 
altitude. The method is based upon the concept of circles of equal altitude explained 
by Commander Marcq St.-Hilaire, a Frenchman, in 1875 (art. 131). For this reason 
it is often called the Mareq St.-Hilaire method. It may also be called the altitude 
intercept method because it uses the difference between computed and observed alti- 
tudes, a value sometimes called an altitude intercept. 

The altitude method has largely replaced the latitude and longitude methods, 
although some navigators still prefer the older methods. The principal advantage of 
the altitude method is that it provides a universal solution that is equally reliable in 
all latitudes, with all values of declination, and with all values of meridian angle. 
Even for observations of celestial bodies near the zenith the altitude method is appli- 
cable, although in this case an arc of the circle itself is plotted, without the use of the 
altitude difference (art. 2011). However, the formulas selected for some of the “short 
methods” do impose some limitations when those methods are used. 

For many years following introduction of the altitude method, the concept was 
termed the “new navigation,” an expression now seldom heard. At first, an attempt 
was made to adapt existing tables to the altitude method. Some were more readily 
adaptable than others. In due course, various methods designed for use with the 
altitude method made their appearance. These methods may be grouped in six classi- 
fications: those which do not divide the triangle, those which divide it by dropping a 
perpendicular from each of the three vertices, those which do not use the navigational 
triangle, and the modern “inspection table.” However, not all inspection tables are 
for altitude methods. In practice, the dropping of a perpendicular from the pole has 
not been used except in great-circle sailing (art. 822). This would result in dividing 
both the meridian angle and zenith distance into two parts, a condition that has not 
proved attractive. 

2109. Altitude methods, triangle not divided.—The basic formula for solution of 
the undivided navigational triangle is 


sin h=sin L sin d + cos L cos d cos t, 


derived from the law of cosines. A number of special tables have been prepared for 
solution of the undivided triangle: 
Davis’ Requisite Tables, published in London in 1905, introduced the cosine- 


haversine formula to navigation, although it had been used previously by astronomers. 
This formula is 


hav z=hav (L~d)-+cos L cos d hav t, 
in which z is zenith distance (90°—h). This is sometimes written 
hav z=hav (L~d)-+hav 8, 
in which hav 6=cos L cos d hav t. It might also be written entirely in haversines: 
hav z=hav (d—L)-+hav t [hav (180°—L—d)—hav (d—L)]. 


In this formula the sign of d is reversed if L and d are of contrary name. The haversine 
of an angle is positive whether the angle is positive or negative. 
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These tables were the first to give log haversines and natural haversines in one 
table. The method was little used at first, but later proved very popular, and as 
haversines became available from additional sources, the formula was used even more 
widely. Davis’ original tables made no provision for azimuth. 

Since the cosine-haversine formula can be used for solution with tables 33 and 34, 
an example is given below, with solution of azimuth by the formula 


sin Z=sin t cos d sec h. 


Example.—-A celestial body a little to the south of west is observed, with the 
following results: t 80°45'9 W, aL 41°12/3S, d 21°50!7S. 

Required —The He and Zn by the formulas given above. 

Solution.— 


t 80°45/9 W l hav 9.62300 Lsin 9.99434 
aL 41°12'38 lL cos 9.87643 
d:21250/ 749 lL cos 9.96764 Leos 9.96764 
¢- — l hav 9.46707 n hay 0.29313 
L~d 19°21'6 n hav 0.02827 
7% 69°04/3 n hav 0.32140 
He.20°55/7 lL sec 10.02964 
Zn. 258°8 ZS78°47'0 W Lsin 9.99162 


This is typical of logarithmic solutions, except that there are no ‘‘Tules’’ for the 
altitude computation. In this example the coordinates are the same as those of 
example 3, article 2008, where solution is by H.O. Pub. No. 214, using Ad, At, AL. 
The slight differences are due to the interpolation and rounding off of different 
quantities. As pointed out in article 2125, the formula used for azimuth angle does 
not indicate whether the body is north or south of the prime vertical. 

Ball. In 1907 Rev. Frederick Ball’s Altitude or Position Line Tables were pub- 
lished in London. There are two volumes of 244 and 240 (later 313) pages, respec- 
tively, the first volume having tables for latitude 0° to 30°, and the second, 31° to 
60° (later editions 24° to 60°). These were the first inspection tables for the altitude 
method. The tabulated altitudes were computed by the haversine formula. The 
assumed position is selected so that latitude and meridian angle are the nearest whole 
degree, but no assistance is given for interpolation of altitude for declination. 

Azimuth angle is not tabulated, being found by the altitude tables, interchanging 
altitude and declination, and finding azimuth angle (in hours and minutes) in the 
meridian angle columns. Since declination is limited to 24° in the first edition and 
60° in later editions, this method is not available for azimuth if altitude is greater 
than this amount. In this case azimuth angle is found by the formula 

__sec LXAh (for 8”) 
ae 120 


This formula had not previously been used in navigation. 

Davis’ Alt-Azimuth Tables were published in London in 1917. This volume 
lists both altitude and azimuth together for the first time. Latitudes mcluded are 
from 30° to 64°, and declinations from 0° to 24°. In 1921 a second volume was pub- 
lished for latitudes 0° to 30°. Entries are for each whole degree of latitude and decli- 
nation, and for each 4™ (1°) of meridian angle. However, for each meridian angle, 
altitude or azimuth angle is given alternately. Thus, azimuth angle is given for 
meridian angles of 0", 8", 16", 24™, etc., and altitude for meridian angles of 4™, 12™, 
20", 28", etc. Altitudes are given in bold type. All declination entries (0° to 24°) 
are given on facing pages. Tables for latitude and declination of the same name are 
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given in the first part of the book and those for contrary names in the last part, the 
two parts being separated by several auxiliary tables. Altitude is given to the nearest 
1’, and azimuth angle to the nearest 0°1. Altitudes are carried down to the horizon, 
and the local apparent times of sunrise and sunset are also given, with the azimuth 
angle at these times. Because of the 8™ interval between altitude entries, and the 
use of an assumed position to avoid interpolation for change in meridian angle, large 
altitude differences sometimes arise. 

H.O. Pub. No. 201, Simultaneous Altitudes and Azimuths of Celestial Bodies, 
was published by the U. S. Navy Hydrographic Office in 1919. In this volume of 
606 pages, altitudes and azimuths were tabulated in parallel columns for the first time. 
Latitude is limited to 60° and declination to 24°. Virtually all altitudes above the 
horizon are included. The tables are well arranged and very legible, but no assistance 
is given for interpolation of altitude or azimuth angle for a change of declination. 
Meridian angles are given at intervals of 10™ (2°5). Since the assumed position is 
selected to avoid interpolation of altitude or azimuth for meridian angle, large altitude 
differences result in some instances. This publication is no longer in print. 

Yonemura. In 1920 S. Yonemura’s Tables for Calculating Altitude and Azimuth 
of Celestial Bodies were published in Japan. This small table of 39 pages contains 
logarithms of haversines and secants, arranged for convenient solution of the formulas 


hav (90°—h)—hav (L~d)=hav 8, 
log hoe an (log sec L+log sec d) =log — 
log esc Z=log csc t+log sec d—log sec h. 


The method is similar to that of Davis’ Requisite Tables but includes solution for 
azimuth angle. The table is included in the book of Ogura’s tables (art. 2110). 

Braga. The Taboas de Alturas by Roméo Braga, a Brazilian, were published in 
1924 in Paris. This is a table of natural haversines arranged for solution of the 
formula 


hav h=A-+B, 
in which A=hav t—[hav (L+d) hav t] 
and B=hav (L—d)—[hav (L—d) hav tl]. 


The first table of 108 pages is for solution for A and B. The second table of nine pages 
is for finding h. 

The assumed latitude is selected so that (L+d) is a whole degree. The assumed 
longitude is selected so that t is a whole degree. 

No provision is made for azimuth. 

Japanese H.O. Pub. No. 601, Celestial Navigation Computation Tables, was pub- 
lished in 1942. The method is similar to that of Yonemura, the triangle not being 
divided and a modification of the cosine-haversine formula being used for altitude. 
Waller. In 1946 George W. D. Waller, a naval officer on duty as a navigation 
instructor at the U. S. Naval Academy, proposed a solution by means of Gaussian 
logarithms, commonly called “addition and subtraction logs.” The formula 
esc d ese L 

esc d ese L 
sec d sec L sec t 


was derived from the basic formula given above, 


csc h= 


ese t sec d 
sec h 


was derived from the time and altitude azimuth formula given in article 2125. 


and esc Z= 
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A single table of 30 pages would contain in consecutive columns the following values: 


A =log secant 

B_ =log cosecant 

C—=log (cosecant+1)—log cosecant 
C+ =log cosecant—log (cosecant—1). 


All values would be multiplied by 100,000 to eliminate decimals. One additional page 
would contain A and B values for all whole degrees from 0° to 180°. The values C+ 
and C— are the Gaussian logs. 

The method is reasonably short and simple. Its publication as the “A, B, C 
Method,” with suitable explanation, was prevented by the untimely death of its 
originator. 

Hugon. Nowvelles Tables Pour le Calcul dela Droite de Hauteur a Partir du Point 
Estimé, by the French hydrographic engineer, Professor P. Hugon, were published in 
1947. This logarithmic solution is based upon the fundamental formula 


sin h=sin L sin d+ cos L cos d cos t, 
from which the following is derived: 


hav z= Xy+ Yx 
in which 
X=hav (180°—t)=cohav t 
y=hav (d—L) 
Y=hav t 


x=hav [180°—(d+L)]=cohav (d+L). 
The formula for z may then be written 
hav z=A+B 
in which 
log A=log X+log y 
log B=log Y+log x. 


Solution is by means of a table of 90 pages which lists in parallel columns values of 
log cohav, log hav, and natural hav for every minute of arc from 0° to 180°. The solu- 
tion requires six book openings, seven table entries, and five mathematical steps. 

Azimuth is found from a diagram in a pocket on the inside back cover. This 
diagram is designed to solve the formula 


M=aX-+8Y, 
in which M=cos h cos Z 
a=sin (d—L) 
X=cos? 5 
B=sin (d+L) 
Y=sin? 5. 


Chiesa. About 1948 the Tavole nautiche e Tavole dei Semisenoversi of the Italian 
Stefano Chiesa were published in Genova, Italy. These include tables for computation 
of altitude by the cosine-haversine formula, and “A, B, C” tables for computation of 
azimuth angle by the formula 


hav Z=[hav p—hav(L—h)] sec L sec h. 
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Rose. In 1952 the Nautische Tafeln of G. Rose were published in Germany. 
This volume has a convenient table for computation of the altitude by the cosine- 
haversine formula. It also includes the “A, B, C” azimuth tables of Lecky (art. 2126). 
Various other tables are included, a number of them having been taken from an earlier 
work of the same name by Dr. Otto Fulst, published in numerous editions since 1860. 

Doniol. The Miniature Navigation Table for Altitude and Azimuth, by R. Doniol, 
a Frenchman, was published in 1955. This is undoubtedly the shortest of all sight 
reduction tables, consisting of only two pages. The formula for altitude was derived 
from the basic formula given above. The formula used is 


sin h=n—(n+m) a, 


in which n=cos (L—d), m=cos (L+d), and a=hav t. 
The formula for Z was derived from the formula 


tan d cos L—cos t sin L 
cot Z= : : 
sin t 


The formula used is 


tan Z—ls d 


’ 


Vi Ul 
nat, meee, Aw=sin (d+L)sin 


in which Y=fAy+f’Ay. In this expression, f= 
1’, and Ay=sin (d—L) sin 1’. 

The first of the two tables gives sines and cosines for each half degree, and tangents 
for half degrees of 45° and more. Interpolation is performed by means of a tabulated 
A value which is the change of sine or cosine for 1’. Interpolation is minimized by 
selecting an assumed position so that t and either (L-+d) or (L—d) are an exact half 
degree. 

The second table gives the value of t in degrees, minutes, and seconds, and the 
values of f and f’ corresponding to selected values of a (natural haversines). The 
interval between consecutive tabulated 
values of haversine varies from 0.0002 to 
0.005. 

The solution is generally accurate to 
0'1 of altitude and 0°1 of azimuth, but the 
method requires a number of relatively 
simple mathematical steps, making it some- 
what longer than most “short”’ solutions. 

2110. Altitude methods, perpendicu- 
lar from zenith.—In figure 2110 the naviga- 
tional triangle is shown in heavy lines on 
a diagram on the plane of the celestial 
meridian (art. 1432). The broken line is 
a perpendicular from the zenith to the 
hour circle of the celestial body. This 
perpendicular may fall outside the tri- 
angle. In figure 2110 it divides both the 
Figure 2110.—Navigational triangle with azimuth angle (at Z) and the codeclina- 
perpendicular from zenith to hour circle. tion side into two parts. The length of 
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the perpendicular is designated v and the two parts of the codeclination are designated 


w and z. By means of Napier’s rules (art. 042), the following basic formulas can 
be derived: 


sin v=cos L sin t (1) 
cos w=sin L sec 2, or tan w=cot L cos t (2) 
sin Z’=sin w sec L, or cot Z’=sin L tan t (3) 
sin h=cos v cos £ (4) 
sin Z’’=sin x sec h, or cos Z’’=tan v tan h, (5) 


in which z=90°— (d+ w). 

This basic method has been modified in a number of ways, having proved the 
most popular altitude method. 

Souillagouet, a French professor of hydrography, was the first to divide the 
navigational triangle by dropping a perpendicular from the zenith. His Tables du 
Point Auziliare were published in France in 1891. He designates various parts of the 
diagram of figure 2110 as follows: 


v is designated a 

w is designated b 

x is designated 90°— (d~b). 

His formulas for altitude are 
tan b=cot L cos t 
sin a=cos Lsin t — 
sin h=cos a sin (d~b). 
For azimuth angle, the perpendicular is dropped from the celestial body to the 


celestial meridian, a being the perpendicular and b that part of the celestial meridian 
from the pole to the foot of the perpendicular. The following formulas are used: 


tan b=cos t cot d 
sin a=sin t cos d 


cot Z=cos (L+b) cot a. 


The assumed position is selected so that latitude is the nearest 15’ and meridian 
angle is the nearest 1™ or 15’ (2™ or 30’ for latitudes greater than 60°). There are 
four separate tables with a total of 408 pages. The method requires five book open- 
ings, seven table entries, and six mathematical steps. Interpolation is not needed. 

Bertin. A French professor of hydrography, Charles Bertin, devised tables similar 
to those of Souillagouet, which were published in Paris in 1919 under the title Tablette 
de Point Sphérique. Bertin used Souillagouet’s formulas for altitude, but for azimuth 
angle he dropped the perpendicular from the zenith, as for altitude, and used the 
following formulas: 

sin Z,=sin c sec L 


cot Z.=sin b tan (e~d) 
Z=Z,+Zs.. 
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In these formulas, b and c are substituted for the a and b, respectively, of Souillagouet. 
This is the first method in which Z is divided into two parts, found separately. 

The assumed position is selected so that latitude and meridian angle are each 
to the nearest 20’. The tables are shorter than those of Souillagouet, having 324 
pages, but still bulky for this type solution. The method has fewer steps and requires 
only two book openings, but interpolation is needed in two steps. 

Ogura. In 1920 the New Altitude and Azimuth Tables by Sinkiti Ogura, Japanese 
hydrographic engineer, were published in Tokyo. The solution for altitude is generally 
similar to that of Souillagouet, a perpendicular being dropped from the zenith, but 
Ogura introduced secants and cosecants for the first time in this type solution. His 
solution for azimuth is similar to that of Blackburne (art. 2106) and Lecky (art. 2126). 

The assumed position is selected so that latitude and meridian angle are each 
to the nearest whole degree. The altitude is determined by means of two tables (A 
and B-C) of a total of 27 pages, and azimuth by means of three additional tables (D, 
E, F) of a total of 29 pages. The altitude can be obtained to an accuracy of 0/6 with- 
out interpolation. Latitude and declination are limited to 65°. The rules are numerous 
and complicated. 

Both the Ogura and Yonemura (art. 2109) tables are given in the same book, 
the Japanese Hydrographic Office Pub. No. 225. An English edition, with slight 
modifications in the Ogura method, was published in 1924. 

The Ogura tables have been widely copied. 

Smart and Shearme’s Position Line Tables were published in London in 1922, 
based upon a division of the triangle by a perpendicular from the zenith. The altitude 
formulas of Souillagouet were used, but the arrangement of the earlier tables was 
improved. It is somewhat similar to that of Ogura, but with the positions of meridian 
angle and latitude interchanged, providing a better arrangement when solutions of 
several observations are made simultaneously. Solution requires a log sine table which 
is not provided. There is no solution for azimuth. The assumed position is selected 
so that the meridian angle and latitude are each the nearest whole degree. No inter- 
polation is needed. 

Newton and Pinto. The Navegacéo Moderna of J. A. Newton and J. C. Pinto was 
published in Lisboa, Portugal, in 1924, providing a solution by dropping a perpendic- 
ular from the zenith. The method is based upon ideas expressed by Newton in 1912 
and 1913. The formulas for altitude are almost the same as those of Souillagouet. 
The method of finding azimuth angle resembles somewhat the method of Bertin, but 
with the use of auxiliary angles. There are only two tables, the first occupying 120 
pages, and the second two pages. The assumed position is selected so that latitude 
and meridian angle are each to the nearest 30’. No interpolation is needed, but the 
rules are somewhat complicated. 

Weems’ Line of Position Book, published in 1927, combines the Ogura altitude 
tables and the Rust azimuth diagram (art. 2106). 

H.O. Pub. No. 208 (Dreisonstok), Navigation Tables for Mariners and Aviators, 
was published by the U. S. Navy Hydrographic Office in 1928 to provide a solution by 
the method of dropping a perpendicular from the zenith. The method, devised by 
Lieutenant Commander J. Y. Dreisonstok, USN, is similar to Ogura’s. For altitude, 
it uses the Souillagouet formula inverted so as to be in secants and cosecants. For 
azimuth angle the formula is similar to that of Newton and Pinto, except that it does 
not use the parallactic angle at the celestial body. In the first edition the latitude was 
limited to 65°. There were two tables, one of 45 pages and the other of 18 pages. 
Later, a 23-page addition to the first table extended the coverage to the poles. 
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The assumed position is selected so that the latitude and meridian angle are each 
the nearest whole degree. The method requires four book openings, eight table entries, 
and six mathematical steps. Although values are usually obtained by relatively easy 
interpolation, altitude accuracy of 0/5 can be obtained without interpolation. 

As with H.O. Pub. No. 211 (art. 2111), the rules for this method were made on 
the assumption that only bodies above the celestial horizon would be observed. The 
rules may be restated to allow for both positive and negative altitudes, as follows: 

If t is less than 90°, give b same name as latitude. 

If t is greater than 90°, give b opposite name to latitude, and mark Z’ minus. 

If (d+b) is numerically greater than 90°, mark Z” minus. 

If (d+b) is contrary name to latitude, the altitude is negative; use the supplement 
of Z”. 

If Z is minus, subtract from 360° and mark plus. 

The value labeled ‘‘t’”’ in the tables is actually LHA. Ift, east or west, is used, as 
in modern practice, the printed values greater than 180° can be ignored. The rules 
can be stated in abbreviated form on alternate pages, as follows: 

At the top of each left-hand page of table I: 


t <90°, b same name as L. 
At the top of each right-hand page of table I: 
t >90°, b contrary name to L, Z’ (—). 

At the top of each left-hand page of table IT: 

(d+b) >90°, Z” (—). 
At the top of each right-hand page of table IT: 

Z (—), use 360°—Z. 
At the bottom of each page of table II (if desired): 

(d+b) contrary name to L, He (—): use 180°—Z”. 


If the D-+-B value used for finding Z” exceeds 10,000, it is reduced by this amount, 
the remainder being used for entering table II. If desired, this can be stated in abbre- 
viated form at the bottom of alternate pages of table II, as follows: 


(C+D) >10,000, use (C+D) —10,000. 


Like H.O. Pub. No. 211 (art. 2111), H.O. Pub. No. 208 has been largely superseded 
by H.O. Pub. No. 214 (art. 2113). 

Gingrich. The Aerial and Marine Navigation Tables, by Lieutenant John E. 
Gingrich, USN, were published in 1931 to provide another-solution by the method of 
dropping a perpendicular from the zenith. The formulas for altitude are similar to those 
of Ogura, and the formulas for azimuth are similar to those of Perrin (art. 2126). The 
first two tables, of 31 and seven pages, respectively, are similar to those of Ogura. A 
single third table of 13 pages is given for azimuth. The general arrangement is in many 
respects similar to that of H.O. Pub. No. 208, and as with the earlier method, the assumed 
position is selected so that latitude and meridian angle are each to the nearest whole degree. 
The precision of tabulation of K, an auxiliary function, is not consistent. Consequently, 
if the tables are used without interpolation, errors as great as 0'5 can arise in the 
computed altitude. 
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Weems’ New Line of Position Tables are sometimes called the Manuscript 
Tables because they were in manuscript form from 1932 until they were published in 
1943. They are similar to his earlier tables but arranged with the position of latitude 
and meridian angle values interchanged so that values for several observations can be 
taken from the tables with a single book opening. The latitude values are extended 
from the 65° given in earlier tables to 90°. As in the earlier edition, the Rust azimuth 
diagram (art. 2106) is included, but provision is also made for computation of azi- 
muth angle. One part is found in terms of latitude and meridian angle, using the 
formula of H.O. Pub. No. 208, and the other part is found in terms of altitude and the 
perpendicular from the zenith. If the azimuth is required to a greater precision than 
0°5, interpolation is needed. The assumed position is selected so that the latitude 
and meridian angle are each the nearest whole degree. 

Collins. The J. C. S. Altitude and Azimuth Tables for Air and Sea Navigation, 
by Elmer B. Collins, formerly of the U. S. Navy Hydrographic Office, were published 
by the International Correspondence Schools in 1934. The tables and method of 
solution are generally similar to those of H.O. Pub. No. 208. 

F-Tafel, published by the German Oberkommandos der Kriegsmarine about 1937, 
divides the triangle by a perpendicular from the zenith. The formulas of Souillagouet 
are used for altitude. Azimuth is found by the familiar formula 


sin Z=sin t cos d sec h. 


There are four tables. Latitude, declination, and altitude are limited to 70°. The 
assumed position is selected so that latitude and meridian angle are each to the nearest 
whole degree. 

Comrie. In 1938 the Hughes’ Tables for Sea and Air Navigation, by L. J. Comrie, 
former Superintendent, H. M. Nautical Almanac Office, were published in London. 
These tables are similar to those of H.O. Pub. No. 208, but arranged with the positions 
of latitude and meridian angle interchanged as in the Weems’ New Line of Position 
Tables. 

Myerscough and Hamilton. The Rapid Navigation Tables, by W. Myerscough 
and W. Hamilton, were published in London in 1939. A perpendicular is dropped 
from the zenith to the hour circle of the celestial body. With slight modification, the 
altitude formulas of Souillagouet and the azimuth formula of Gingrich are used. Six 
quantities are tabulated in a single table of 90 pages. Both altitude and latitude are 
limited to 70°. 

Ageton’s Manual of Celestial Navigation, published in 1942, combines the first 
table of Weems’ New Line of Position Tables as table I, and H.O. Pub. No. 211 (art. 
2111) as table II. The basic formulas are restated in terms of secants and cosecants. 
The result is a short, easy solution without interpolation, involving four book openings, 
eight table entries, and four mathematical steps. Since the H.O. Pub. No. 211 table 
is included, the book can be used for Ageton’s earlier method. 

Benest and Timberlake. The Astro-Navigation Tables for the Common Tangent 
Method by two British professors, E. E. Benest and E. M. Timberlake, were published 
in 1945. In three tables of 61, 18, and 12 pages is given a logarithmic solution for 
altitude only, by dropping a perpendicular from the zenith. The formulas are slight 
modifications of those of Ogura. 

The location of the line of position is somewhat similar to the method sometimes 
used in longitude method solutions such as H.O. Pubs. Nos. 203 and 204 (art. 2106). 
Two assumed positions are selected, usually 1° apart on the same meridian. The 
altitude difference at each position is determined, and a circle, or arc of a circle, is 
drawn with the assumed position as the center, and the altitude difference as the radius. 
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The line of position is the common tangent to the two circles. Since there are four 
common tangents, the general direction of the body is required. Where doubt exists 
as to which of two or more answers is the correct one, additional solutions from other 
assumed positions may resolve the ambiguity. If the celestial body is near the me- 
ridian, the two assumed positions are better taken on the same parallel of latitude. 
Even with these precautions, there is danger of selection of the wrong line. 

Tavole H (I. I. 3113), published by the Istituto Idrografico della Marina of 
Italy in 1947, combines table I of Ogura and table II of Weems’ New Line of Position 
Tables, including, also, the Rust azimuth diagram (art. 2106). This table is a modi- 
fication of an earlier Tavole F. 

2111. Altitude methods, perpendicular from body.—Figure 2111 is a diagram on the 
plane of the celestial meridian (art. 1432), with the navigational triangle shown in 
heavy lines. A perpendicular from the celestial body, M, to the celestial meridian 
divides the triangle into two right spherical triangles. In figure 2111 the length of the 
perpendicular is designated v and the two parts of the colatitude are designated w and 
z. By means of Napier’s rules (art. 042), the following basic formulas can be derived: 


sin v=cos d sin t (1) 
cos w=sin d sec 2, or sin w=cot t tan v (2) 
sin h=cos v cos x (3) 
sin Z=sin v sec h, or cos Z=tan x tan h (4) 


Since x=90°—(w+L), formula (3) can be written in terms of latitude, and w found 
from equation (2). Thus, both h and Z can be determined by means of t, d, and L 
and auxiliary functions found from them. 

William Thomson (Lord Kelvin) was the first to divide the navigational triangle 
as shown in figure 2111 for sight reduction, but his method (art. 2106) was for deter- 
mination of longitude. Various later methods made such a division for determination 
of altitude. 

Fuss. The Tables to Find Altitudes and Azimuths, devised by V. E. Fuss, an 
astronomer at the Kronstadt (Russia) Naval Observatory, were published in 1901. 
In these tables a perpendicular is dropped from the celestial body, the following notation 
being used (fig. 2111): 


v is designated a 

w is designated 90°—b 

xz is designated B-90° 

B=90°—L-+b (if v falls between Z and Q). 


Solution is by the following formulas: 


sin a=cos d sin t 
cot b=cot d cos t 
sin h=cos a sin B 
cot Z=cot a cos B. 


The assumed latitude is selected to provide the nearest 15’ value of B. The 
assumed longitude is selected so that t will be the nearest whole 1™ (0°25). The 
tables are entered twice, first with t and d to find a and b, interpolating for d, and then 
with B and a to find h and Z, interpolating for a. The method involves two book 
openings, eight table entries, four interpolations, and ten mathematical steps. There 
are 144 pages of tables. 

Aquino. The Altitude and Azimuth Tables of Radler de Aquino, a Brazilian naval 
officer, were first published in 1909. These were followed the next year by his Sea and 
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Air Navigation Tables. Several later edi- 
tions of both publications appeared with 
some modification, principally of the aux- 
iliary material given. Aquino dropped a 
perpendicular from the celestial body to 
the celestial meridian, and used the same 
formulas as Fuss and generally the same 
arrangement, except that longitude is as- 
sumed so as to provide a meridian angle 
to the nearest whole degree. 

H.O. Pub. No. 209 (Pierce), Position 
Tables for Aerial and Surface Navigation, 
was published by the U. S. Navy Hydro- 
graphic Office in 1930. These tables were 
devised by Commander M. R. Pierce, 

Na USN, in 1925, when he was navigator of 

Figure 2111.—Navigational triangle with per- the dirigible USS Los Angeles. j The meth- 

pendicular from celestial body to celestial od is based upon a triangle divided by a 

EASE perpendicular from the celestial body. It 

is generally similar to those designed by Fuss and Aquino, but the arrangement is 

somewhat different, requiring 206 pages of tables. This method was never widely 
used, and is now out of print. 

H.O. Pub. No. 211 (Ageton), Dead Reckoning Altitude and Azimuth Table, 
was published by the U.S. Navy Hydrographic Office in 1931. This method, designed 
by Lieutenant Arthur A. Ageton, USN, while a student of the Post Graduate School, 
then at Annapolis, Maryland, is based upon a triangle divided by dropping a per- 
pendicular from the celestial body. It is generally similar to those of Fuss and Aquino. 
However, Ageton modified the formulas so as to include only secants and cosecants. 
In terms of figure 2111, his notation is as follows: 


Q’ 


v is designated R 
w is designated 90°-K 
z is designated K~L 


K=2+L. 
Ageton’s formulas are 


esc R=csc t sec d 


__ese d 
esc K= oR 
esc h=sec R see (K~L) 
esc R 
csc Late i 


A single table of 36 pages gives five-place log cosecants (labeled A) and log secants 
(labeled B), both multiplied by 100,000 to eliminate the decimal. These values are 
given in parallel columns for each 0/5 of angle from 0° to 180°. The table is well 
arranged and indexed for quick reference. The rules are relatively simple and well 
presented. The method can be used for solution from the dead reckoning or any other 
assumed position. The method is intended for use without interpolation. These 
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features combined to make this a popular method, although solution is somewhat 
tedious, and large errors may be encountered if t is near 90°. The method has been 
largely superseded by H.O. Pub. No. 214 (art. 2113). 

If a celestial body near the visible horizon is observed, it may be below the celestial 
horizon (zenith distance greater than 90°), because of refraction and dip. Under these 
conditions the computed altitude, He, is negative (art. 2010). In the solution by H.O. 
Pub. No. 211, He is negative if K is of the same name as L and greater than (90°+L), 
or if K is of contrary name to L and greater than (90°—L). Under the second of these 
conditions, Z is less than 90° and should be taken from the top of the table if K is 
greater than (180°—L). 

Fontoura da Costa and Penteado’s Tabuas de Altura e Azimute were published in 
Lisboa, Portugal, in 1936. These consist of 26 pages of log secant and log cosecant 
tables similar to those of H.O. Pub. No. 211. The method and formulas are slight 
modifications of those of H.O. Pub. No. 211. 

Tillman. The Altitude Tables for Mariners and Aviators, by E. Tillman, were 
published in 1936 in Sweden. Solution is by three tables using the basic formulas 
given above. 

USSR tables. About 1940 the USSR replaced the Fuss tables with a method 
that is similar but uses a much shorter table. However, the solution is about the same 
length as with the Fuss tables, requiring six book openings, nine table entries, and 
five mathematical steps. Visual interpolation is used. 

Japanese H.O. Pub. No. 602, Brief Celestial Navigation Table, was published in 
1942. A perpendicular is dropped from the celestial body, as in figure 2111. Side 
w is designated K, and the following formulas are derived from the basic formulas 
given above: 


log tan K=log cot d+log cos t 
log cot Z=log cot t+log ese K+log cos (K+L) 
log cot h=log cot (K+L) +log sec Z. 


These formulas result in a simple solution, at the expense of some duplication in the 
three tables of 49 pages. 

Hickerson. In 1944 Thomas F. Hickerson, professor of applied mathematics 
at the University of North Carolina, published a small volume called Navigational 
Handbook with Tables, in which the tables of H.O. Pub. No. 211 are given with the 
interval between entries reduced to 0/2. All values are given on 45 pages, by tabulating 
values only to 45° and interchanging the A and B values for angles between 45° and 
90°. In 1947 a second edition was published under the title Latztude, Longitude and 
Azimuth by the Sun or Stars. 

2112. Altitude methods without use of navigational triangle-—The navigational 
triangle is composed of arcs of three great circles: the celestial meridian of the observer, 
the hour circle of the celestial body, and the vertical circle of the celestial body. Arcs 
of other great circles might also be used in forming spherical triangles that can be 
solved to find altitude and azimuth. 

Kotlari¢é. In 1956 Stjepo M. Kotlaré, technical assistant, Hydrographic Institute 
of the Yugoslavian Navy, proposed a method based upon the solution of three right 
spherical triangles composed of arcs of great circles, as follows: 

triangle 1—celestial horizon, hour circle, and celestial equator; 


triangle 2—celestial horizon, hour circle, and vertical circle; 
triangle 3—celestial horizon, hour circle, and celestial meridian (lower branch). 
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The formulas are derived from Napier’s rules: 
tan (Z+F)=-— sin L tan t 
tan M=cot L cos t 
cos C=cos L sin t 
tan F=cos C tan (M+d) 
sin He=sin C sin (M+d) 
Z=(Z+F)—F, 


in which F, M, and C are auxiliary parts. 

Four tables totaling about 200 pages would be needed with the method, although 
table III is not needed if the assumed position is selected so that latitude and meridian 
angle are the nearest whole or half degree. The size of the tables could be reduced 
considerably if half degrees were dropped. With an assumed position selected as indi- 
cated above, the method requires only four table entries and four mathematical 
steps. The rules are few and simple. 

2113. Modern inspection tables may contain lists of altitude or azimuth, or both. 
Another type tabulates the information needed for finding longitudes. Values are 
taken directly from the tables, without the need for logarithms, auxiliary functions, 
or mathematical solutions (except interpolation). Inspection tables are not new, the 
horary tables of Cassini in 1770, Lalande in 1793, Lynn in 1827, and Hommey in 1863 
(art. 2106) being of this type. Other inspection tables include Davis’ Chronometer 
Tables, Blackburne, H.O. Pubs. Nos. 203 and 204, Ball, Davis’ Alt-Azimuth Tables, 
and H.O. Pub. No. 201 (arts. 2106 and 2109). None of these tables is used to any 
extent today, largely because interpolation is difficult, and coverage is limited. A 
short logarithmic solution with wide coverage has often proved more popular. 

In contrast, the modern inspection table, made practicable by recent developments 
in computation techniques, has largely replaced the trigonometric solution. The 
principal modern inspection tables are: 

H.O. Pub. No. 214, Tables of Computed Altitude and Azimuth, were published by 
the U.S. Navy Hydrographic Office between 1936 and 1946, in nine volumes. Between 
1951 and 1953 the British Admiralty published identical tables (H.D. 486) in six 
volumes, with altered explanation to suit British practice. The first volume of an 
identical Spanish edition was published in Spain in 1953, and the second volume in 
1956. Several volumes of an Italian edition based on H.O. Pub. No. 214 have also 
been published. The H.O. Pub. No. 214 series is described in detail in chapter XX. 

British Air Pub. 1618 (H.O. Pub. No. 218), Astronomical Navigation Tables, 
were published by the British Admiralty between 1938 and 1944 in 15 volumes (lat. 
0°-79°). In 1941 the first 14 volumes (lat. 0°-69°) were republished by the U. S. 
Navy Hydrographic Office as H.O. Pub. No. 218. The tables are intended primarily 
for aviators. 

These tables are similar to H.O. Pub. No. 214, but with several differences. In A.P. 
1618 values are given to the nearest whole minute for altitude, and the nearest 
whole degree for azimuth. The altitude values include allowance for refraction at a 
height of 5,000 feet. The minimum altitude in most cases is 10°. Provision is made 
for interpolation for declination only, and this always from the neat smaller whole 
degree, instead of from the nearest whole degree. Declination is given for each whole 
degree from 0° to 28° only. In addition, values of altitude and azimuth are given for 
the declination (in 1940) of 22 stars. This part of the table is entered with the star 
name (or an arbitrarily-assigned number), so the declination of the body need not be 


COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 541 


known. An auxiliary table provides a correction for changes in declination during the 
years following 1940 (to the year 2000). 

During World War II these tables were widely used by aviators. Some marine 
navigators also used them. Since publication of H.O. Pub. No. 249, their use has 
declined. 

Japanese H.O. Pub. No. 351, Celestial Navigation Observation Table, was pub- 
lished in 1940-42, in seven volumes for latitudes 0°-70°. The original printing was 
classified ‘‘secret.”” The tables are similar to British Air Pub. 1618, with several differ- 
ences. In H.O. Pub. No. 218 all star-name entry tables are given first, followed by 
all declination entry tables. In Pub. No. 351 the declination entry table for each degree 
of latitude is followed by the star-name entry table. Altitudes, including refraction 
at 4,000 meters (13,123 feet), are tabulated to a minimum value of 2°. Declination 
is extended to 29°. The latitude-declination contrary-name entries are inverted so 
that meridian angles increase wpward on the page as in H.O. Pub. No. 260 (art. 2126), 
resulting in better utilization of space on the pages having both “same name” and 
“contrary name” entries. Twenty stars are used, the selection differing somewhat 
from that of H.O. Pub. No. 218. In H.O. Pub. No. 218 the stars are listed and num- 
bered alphabetically. In Pub. No. 351 they are given in order of declination, from 
Dubhe, listed as 62°03’ N, to Sirius, listed as 16°38’S. 

Hoehne. In October 1941 George G. Hoehne, an American, proposed a set 
of tables similar to the star section of H.O. Pub. No. 218, except that a value approxi- 
mating LHAY would replace meridian angle of the star as an entering argument, and 
a maximum of ten stars would be given in parallel columns for each whole degree of 
entering value. The value used for entering the tables would be determined by adjust- 
ing LHAY by an amount tabulated for each year for each star used. This would 
prevent the tables from becoming inaccurate because of precession of the equinoxes 
(art. 1419). Refraction at altitude 5,000 feet would be included as in H.O. Pub. No. 
218. One volume of these tables (volume II, lat. 20°N to 39° N) was published in 1943. 

Japanese H.O. Pub. No. 603, Simplified Celestial Observation Table, was published 
in 1943. This publication is virtually the same as Pub. No. 351, except that eight addi- 
tional stars are given, all farther south than those of Pub. No. 351. This extends 
the list to a Crucis (Acrux), given as declination 62°48’S. 

Altitude and Azimuth Almanac was published by the Japanese Hydrographic 
Office, beginning in 1944. Originally, this was a secret publication. Several different 
versions were printed, and there were some modifications after the first editions. In 
each, however, the functions of almanac and sight reduction tables were combined. For 
each of several specific locations, the altitude and azimuth of one or more celestial 
bodies are tabulated for the date and time, usually at ten-minute intervals. In the 
earlier editions, the locations selected were important points in the western Pacific. 
From this practice, these publications are sometimes called ‘destination tables.” 
Later editions used positions differing in latitude by 5°. These tables provided a quick 
solution for observations made at the tabulated times. On a worldwide basis such a 
system would involve a very voluminous tabulation each year, or cumbersome cor- 
rections. The Altitude and Azimuth Almanac is no longer published. 

Hohentafeln nach Sternzeit, an official German table, was published in 
1944 as an experimental edition with a very limited range of latitude. The tables 
were similar to those of Hoehne, but with six stars listed for each minute of local 
sidereal time. 

Ménéclier and Chevalier. The Cdlculo del Punto of Victor Ménéclier and Roberto 
Chevalier was published in 1945-49 by Aeronautica Argentina. There are six volumes 
for latitudes 0° to 59° south. At intervals of 4" LST (or 1° LHAY) the altitude, 


542 COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


a correction factor, and azimuth (not azimuth angle) of selected stars are tabulated. 
Twelve columns are provided, but a number of blank areas appear, resulting in an 
average of about nine altitude-azimuth entries for each time entry. In most cases, 
altitudes are carried to a minimum value of 5°, and azimuth to the horizon. These 
tables are similar to those of Hoehne and volume I of H.O. Pub. No. 249. 

H.O. Pub. No. 230 (Goetz), High Latitude Celestial Navigation Tables, designed 
in 1945 by Roy F. Goetz, was published by the U. S. Navy Hydrographic Office in 1946. 

The first section, called ‘Star Tables,”’ is entered with the latitude to the nearest 
1° from 70°N to 89°N, the name of the star (for ten selected stars), and LHAT at 
intervals of 2° for latitude 70° to 79°, 5° for 80° to 84°, and 10° for 85° to 89°. Altitude 
is tabulated to the nearest 1’ and azimuth (not azimuth angle) to the nearest 0°1. A 
“AH” value is given for use with an auxiliary table to interpolate for precession of the 
equinoxes (art. 1419). 

In the second section, called ‘Declination Tables,” declination is substituted for 
the name of the star. A separate table is given for each 1° declination from 0° to 28°. 
For each degree a “same name” section is given first, followed by a ‘‘contrary name’’ 
section (to declination 19°). The minimum altitude is 1°. The declination tables 
give “d” in place of ‘‘AH” for use with an auxiliary table to interpolate for declination. 

Only 400 of these tables were published. They were intended only for use in 
military aircraft operating beyond the latitude range of H.O. Pub. No. 218. After 
H.O. Pub. No. 249 became available, H.O. Pub. No. 230 was canceled. 

H.O. Pub. No. 249, Sight Reduction Tables for Air Navigation, in three volumes, are 
published by the U. S. Navy Hydrographic Office. A preliminary edition of volume I 
for selected stars was published in 1947 under the title Star Tables for Air Navigation, 
using the principles and features of tables proposed previously by George G. Hoehne, 
Commander C. H. Hutchings, USN, and others. The altitudes of this edition were ad- 
justed for refraction at a height of 10,000 feet. By the time the “first” edition was printed 
in 1951, for epoch 1955.0, more than 20,000 copies of the preliminary edition had been 
distributed. The 1951 edition dropped the refraction adjustment feature from the 
altitudes, and had an improved selection of stars. It was followed in 1952 with two 
volumes for declination entry at 1° intervals from 0° to 29°. In 1952 and 1953 a 
British edition was published with identical tables (A. P. 3270) but altered explanation. 
The tables have been accepted as standard by the air forces of Great Britain, Canada, 
and the United States. They are in limited use by mariners. Extracts from these 
tables (1957 edition, for epoch 1960.0) are given in appendix CC. 

Volume I contains tabulations of altitude (to the nearest 1’) and azimuth (to the 
nearest 1°) in parallel columns. For each 1° of latitude a two-page table (one-page 
above 69°) is given. For each 1° (2° beyond latitude 69°) of LHAY, altitude and azi- 
muth are given for seven stars carefully selected with regard to azimuth, magnitude, 
altitude, and continuity. Stars of the first magnitude are shown in capital letters, and 
those of second and third magnitude in lower case with initial capital. After each 15 
entries a break occurs and a new listing of stars is given, whether or not there are any 
changes from the previous list. Stars are listed in the order of increasing azimuth at 
the beginning of each period. A total of 41 stars is used, 19 of which are of the first 
magnitude, 17 of the second magnitude, and 5 of the third magnitude. The tables 
are intended for use with an assumed position selected so that latitude and LHAT 
are each the nearest whole degree (nearest even degree of LHAY at latitudes higher 
than 69°). 

Tabulation by name of star eliminates the need for finding the declination, but 
for strict accuracy, a correction for precession of the equinoxes (art. 1419) and nutation 
(art. 1417) may be needed. This is given in an auxiliary table (tab. IV). Since it is 
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anticipated that the tables will be recomputed at five-year intervals, it will probably be 
possible for aviators to ignore this correction. However, it may reach a value of as 
much as 3’, and should not be neglected if the tables are used by mariners. This 
correction is applied to the fiz, not to each altitude. 

Tabulation of azimuth (not azimuth angle) eliminates the need for conversion. 

Tabulation by LHAY instead of meridian angle of the star eliminates the need 
for finding and applying SHA. It also makes of the tables a star finder for the seven 
stars given, since all values given for any entry of LHAT are for the same time. In 
the air it is common practice, when H.O. Pub. No. 249 is used, to observe the stars at 
intervals of exactly four minutes. Solution is made for only one observation (usually 
the middle of three), altitude and azimuth entries being found on consecutive lines 
(neglecting the small difference between solar and sidereal time during a four-minute 
period), and all are plotted from the same assumed position, selected so that latitude and 
LHAY are the nearest whole degree, and adjusted as necessary for the motion of the 
observer between observations. If the time selected for the observation to be 
solved is a whole 10" of GMT, and the navigational watch is set to GMT, the GHAT 
can be taken directly from the Air Almanac without interpolation. With addition or 
subtraction of only one longitude, a person has all the information needed for entering 
H.O. Pub. No. 249 for solving three observations. If the navigator had a watch set 
to read GHAYT in arc, the almanac would not be needed for solving an observation. 
Wing Commander E. W. Anderson and Dr. D. H. Sadler, both of Great Britain, have 
suggested a ruler for use with a Mercator chart of certain scales, and a circular computer 
for use with any projection and scale, to permit quick conversion of sidereal to solar 
units if observations are made at greater intervals. 

Example 1.—During evening twilight on June 2, 1958, the 1724 DR position 
of a ship is lat. 40°39/2S, long. 128°01‘2E. At GMT 8"24™03° the navigator ob- 
serves Canopus with a marine sextant having no IC, from a height of eye of 38 feet. 
The hs is 55°57‘1. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 249 (epoch 1960.0), vol. I, 
and the Air Almanac. 


Solution.— 
June 2 ___Canopus Sak Case 
GMT 8°24™03° June 2 IC — — 
g'20" . 15°18’ D 6’ 
4™03° 1°01’ R Ly 
GHAT 16°19’ sum — v 
ihe 127°412 corr. (ered, 7 
LHAY  144°00’ hs 55°57" 
aL 41°00’S Ho 55°50’ 
He 55°45’ 
Ho 55°50’ 
ae | Any aL 41°00'S 
Zn LEE GX, 127°41.K 


This problem is similar to that of example 4, article 2008. A comparison of the 
two indicates that the H.O. Pub. No. 249 solution reduces the number of table entries 
over the number required by H.O. Pub. No. 214 solution by four, and the number 
of mathematical steps also by four. The use of a whole 10" of GMT would elimi- 
nate one more table entry and one mathematical step. If three observations were 
made at 4™ intervals, two more table entries and two mathematical steps would be 
eliminated from the three solutions. Whether or not these ‘wrinkles’ are used, all 
values needed for a fix are together on one page, and are extracted without interpolation. 
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Volumes II and III are somewhat similar in many respects to H.O. Pub. No. 214. 
Altitude and azimuth angle are given in parallel columns for every whole degree of 
latitude (0° to 89°), every whole degree of declination (0° to 29°), and every whole 
degree (2° beyond lat. 69°) of LHA for all values at which the altitude is greater than 
several degrees below the celestial horizon (to allow for large values of dip at aircraft 
heights, and for considerable difference between assumed position and the position of 
the craft at the time of observation). The values for latitude and declination con- 
trary name are tabulated with values of meridian angle (LHA less than 180°) increasing 
upward on the page, as in some older tables such as H.O. Pub. No. 260 (art. 2126). 
This permits better utilization of space where same- and contrary-name tabulations 
are given on the same page. It also serves to emphasize the difference between the 
same- and contrary-name tabulations, the contrary-name tabulation being given in a 
“contrary”? manner on the page. A more convenient arrangement of declination 
entries is provided by having the “‘top” of each page of the tables along the left side, 
requiring the turning of the page through 90°. 

A “d” value is tabulated between the altitude and azimuth angle to facilitate 
interpolation of altitude for declination. No interpolation is needed for latitude and 
LHA because the assumed position is selected so that these are the nearest whole 
degree (nearest even degree of LHA beyond latitude 69°). The ‘‘d” value is the dif- 
ference in minutes, with sign, between the accompanying altitude and that for declina- 
tion 1° greater, at the same latitude and LHA. It is used for entering an auxiliary 
table (tab. III) for determining the correction to be applied to altitude for minutes of 
declination, in a manner similar to using Ad and the “multiplication table” of H.O. 
Pub. No. 214. Interpolation is normally made in the direction of increasing declination. 

Volume IT covers latitudes 0° to 39°, and volume III contains similar information 
for latitudes 40° to 89°. Since these tables are entered with LHA of the celestial body, 
they do not become inaccurate in succeeding years, and no correction is needed for 
precession and nutation, as in volume I. These volumes are intended for solution of 
observations of the sun, moon, planets, and any stars within the declination range. 

Example 2.—During morning twilight on June 2, 1958, the 0724 DR position of 
a ship is lat. 40°39'2S, long. 131°01/2E. At GMT 2224703 (June 1) the navigator 
observes Alpheratz with a marine sextant having no IC, from a height of eye of 38 feet. 
The hs is 20°15/3. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 249, vol. III, and the Air 
Almanac. 


Solution.— 
June 2 Alpheratz + + - 
GMT 22524703" June 1 IC — — 
22P 20 22453 D 6: 
4™038 1°01’ R 34 
SHA 358°26’ sum — 9’ 
GHAG224°207 corr. (—)9’ 
arn 130°40’ E hs Dd en te 
LHA 355°00’ Ho 20°06’ 
das 28°527N d_ diff. 52/ 
aL 41°00’S 
bts we 20c 51 “d”  (—)60 ZS175°E 
corr. (—)52’ 
He 19°59’ 
Ho = 20°06’ 
a A: aL 41°00’S 


Zn 005° ar 130°40/ E 
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This problem is similar to those of example 4, article 2008, and example 1 above. 

All volumes of H.O. Pub. No. 249 are intended for use with the Air Almanac. 

Experimental Air Navigation Tables. During the early part of World War II 
the British Royal Air Force felt the need for an inspection table that would be faster 
than Air Pub. 1618 (H.O. Pub. No. 218), but free from the limitations of the astro- 
graph (art. 2123). Wing Commander R. C. Alabaster suggested the addition of SHA 
to the hour angle (measured eastward) of the stars given in Air Pub. 1618, converted 
to time at the sidereal rate of 15°02'5 per hour. This would give the time inter- 
val until the next meridian transit of the vernal equinox. Before observation, the 
time of passage of the vernal equinox across a convenient meridian would be marked 
on the chart or plotting sheet. After observation, the tables would be entered with 
assumed latitude and the nearest tabulated altitude. The (SHA-+HA) corresponding 
to this altitude would be added to GMT at the time of observation. The result should 
be close to the time marked on the chart. The difference would be converted to arc 
units (or a time scale would be marked on the chart or plotting sheet) and the corre- 
sponding longitude determined. This point would serve as the assumed position. 
The difference between the observed altitude and that used for entering the table 
would be the altitude difference to be used with the azimuth for plotting the line of 
position. 

Squadron Leaders A. Potter and A. J. Hagger suggested a method of printing a 
time scale on the chart or plotting sheet with an auxiliary table to assist in locating the 
assumed position. 

Various modifications and conventions were later added to avoid negative values 
and other complications. As the method finally emerged, a quantity known as “scale 
time” was adopted. This value, designated 7, would be equal to 26 hours plus the GMT 
of the next transit of the vernal equinox occurring after 0600 during the night of the 
flight. The GMT of observation would be designated t. The quantity 7—t would be 
the value tabulated. 

Further attempts were made to simplify the conversion of mean to sidereal time 
so that the single setting might be used during an entire flight. One of these, called 
the “Astro-Scales,” was suggested by Wing Commander E. W. Anderson in 1945. 
In 1953 he and D. H. Sadler suggested an improved version. 

Although a considerable amount of thought was given to this method, and ex- 
perimental tables were published for a limited band of latitude, the limitations of a 
longitude method and the inconvenience of converting mean time to sidereal time 
resulted in the method being discarded in favor of the less restrictive H.O. Pub. No. 
249 method. 

Ashton. In 1943 Philip Ashton proposed a set of tables called Astrograph-time 
Star Tables for Air Navigation, based upon the principle of the Experimental Air 
Navigation Tables. A permanent table would be entered with the name of the star, 
latitude, and “astrograph mean time” (art. 2123), and altitude and azimuth would 
be taken from the table. A set of tables issued each year would list the values to be 
used with GMT each night to determine the astrograph mean time. Before take-off, 
the chart or plotting sheet would be marked to agree with the astrograph mean time, 
and a metal tape would then be used to convert mean time to sidereal time for finding 
the assumed position. 

Heard. About 1950 John F. Heard, associate professor of astronomy at the 
University of Toronto, prepared a modification of the Experimental Air Navigation 
Tables. The tabulation would be altered so that altitude would be given in the left- 
hand column at intervals of 20’. A delta (‘diff.”) value would be tabulated and this 
used with the difference between entering and observed altitudes to enter an auxiliary 
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table to determine a correction to be applied to 7—t so that the altitude difference 
need not be plotted. A correction for 60 minus seconds of T would also be applied. 
The “bearing” of the line of position (azimuth plus or minus 90°) would also be tab- 
ulated. The line of position would be plotted through the assumed position, in the 
direction indicated by the “bearing.’”? For any given time three stars differing in 
azimuth by approximately 120° would be given. The part of the table to use would 
be determined by a rough computation of 7'—t. 

2114. Azimuth methods.—Nearly all methods proposed for obtaining a line of 
position are based upon the use of altitudes. The azimuth might also be used if an 
instrument becomes available for measuring it to the required accuracy. The accuracy 
needed would depend upon the acceptable error of the line of position. The error 
would be proportional to the cosine of the altitude. For a celestial body on the celestial 
horizon an error of 1’ in the azimuth would introduce an error of one mile in the line 
of position, the same as it does in an altitude observation. For any altitude greater 
than 0°, the error would be less. 

Each method of determining a line of position by altitude has its counterpart in 
the azimuth problem. Thus, if it can be determined that a celestial body is exactly 
on the celestial meridian, the west longitude is the same as the GHA of the body. 
If the body is exactly on the prime vertical, the latitude can be computed. As a more 
general case, two points on a given azimuth line can be computed and joined by a 
straight line, by assuming two latitudes or two longitudes. However, if one such posi- 
tion is known, the azimuth line of position can be drawn through it in the direction of 
the azimuth. If the celestial body is sufficiently high, or if a small scale is acceptable 
and allowance is made for chart distortion, the azimuth line can be plotted directly, 
just as the circle of position can be drawn if the altitude is known. The difference be- 
tween the observed azimuth and that computed for an assumed position can be used 
in a manner similar to the altitude difference. The azimuth difference in minutes 
multiplied by the cosine of the altitude would be the “intercept” measured off from the 
assumed position in a direction perpendicular to the computed azimuth. Through the 
point thus determined, a line would be drawn in the direction of the observed azimuth. 
For small differences, the line could be drawn perpendicular to the line from the assumed 
position. The relative values of the observed and computed azimuths would indicate 
the direction (right or left) to draw the line from the assumed position. 

If the altitude and azimuth were both known to sufficient accuracy, a single celestial 
body would suffice for determining position by any combination of altitude and azimuth 
methods or by direct computation of latitude and longitude. The two lines of position 
would always be perpendicular to each other. 

Double altitudes. For a stationary observer the longitude can be determined by 
observing the altitude shortly before meridian transit (either upper or lower), and noting 
the time when the altitude has returned to exactly the same value after meridian transit. 
If there has been no change in declination between observations, the mid time represents 
the moment of meridian transit, at which time the azimuth is 000° or 180°. The GHA 
(or 360°—GHA for east longitude) is the longitude of the observer. This method might 
be considered as either a longitude or an azimuth method. A variation is to observe 
a number of altitudes shortly before and after meridian transit. These are then plotted 
against time on cross-section paper and a smooth curve plotted through them. The 
time corresponding to the maximum altitude (minimum altitude for lower transit) is 
the moment of meridian transit. 

Quilter. In 1950 Commander E. S. Quilter, USN, suggested a method based upon 
azimuth difference. He would measure and compute azimuth to the nearest 0°01 (when 
the means for doing so became available) and express the azimuth difference to the 
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same precision. A table would be provided to list values of K, a constant by which the 
azimuth difference would be multiplied for any given altitude to determine the “inter- 
cept” to measure off from the assumed position. 

2115. Determination of latitude and longitude.—Most methods provide informa- 
tion needed for plotting a line of position. The fix is at the common intersection of two 
or more such lines. A line of position might be plotted in one of several ways. In the 
latitude and longitude methods, the lines are plotted at the computed coordinate. 
When one coordinate has been determined, the other can be computed without plotting. 
Thus, the longitude determined by time sight is generally correct only for the latitude 
used in its solution, and the plotting of a longitude line is misleading, unless the celestial 
body ison the prime vertical. A better procedure is to compute two points, using differ- 
ent latitudes (or longitudes, if latitude is being computed). These two points are on the 
line of position. A straight line connecting them is a good approximation of the circle 
of equal altitude. This was the method used by Captain Sumner when he discovered the 
line of position (art. 131), and the method of H.O. Pubs. Nos. 203 and 204 (art. 2106). 

Another method is to compute one point and the azimuth (or Zn+90°), and plot 
the line of position through the point. This is the method used by Soule and Dreison- 
stok (art. 2106). 

If only the altitude difference is computed for two points, the line of position is a ; 
common tangent of circles of radius equal to the altitude difference at these two points. 
This is the method of Benest and Timberlake (art. 2110). 

The most common modern method of plotting the line of position is by means of 
the assumed position, altitude difference, and azimuth. If this information is available 
for two observations solved for the same assumed position, the position of the fix can 
be determined by computation instead of by plot, using the following formulas: 


Q.—a,cos A 
tence = 
a, sin A. 


2} 


and 

a’ =a,sec B, 
in which A is the difference in azimuth of the two celestial bodies, B is the difference 
between the azimuth of the first celestial body and the direction of the ‘position vector”’ 
(the line connecting the common assumed position with the fix), a; is the altitude dif- 
ference of the first celestial body, a2 is the altitude difference of the second celestial 
body, and a’ is the length of the position vector. 

If A is greater than 90°, the minus sign in the numerator of the first formula is 
replaced with a plus sign. The common intersection of the two lines of position (the 
fix) is a’ miles from the common assumed position, in a direction B degrees from the 
azimuth of the first observation. Since B is always between the azimuths of the two 
celestial bodies observed, it will always be added to the first azimuth if the left-hand 
body is considered the “‘first’’ one. 

With the information a’ and B one can find the latitude and longitude of the fix 
by (1) plot, (2) table 3, or (3) computation. If method (2) or (3) is used, the problem 
is the same as that encountered when course and distance from a known position is 
given, and point of arrival is desired. This can be solved by a combination of plane 
and parallel sailing, as explained in articles 813 and 815. 

It is possible, too, to plot circles of position by using the geographical position of 
each body as the center of its circle, and the zenith distance as its radius. This is the 
method used for high-altitude observations (art. 2011), but is generally not practical 
for ordinary altitudes because of the small scale that would be needed, and the error 
that would be introduced by chart distortion, unless plotting were done on the surface 
of a sphere (art. 2124). 
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The use of a circle of equal altitude is similar to the use of a circle of position around 
a landmark of known range. The bearing of such a landmark also furnishes a line of 
position. Similarly, a line of position can be obtained by plotting the azimuth line of a 
celestial body, and a fix by plotting two such lines. This is generally not done because 
of the scale and chart limitations mentioned above, and also because the needed ac- 
curacy in observation is beyond the capability of equipment generally available to the 
navigator. Errors in both compass and measurement of azimuth are involved. 

Various methods of determining position by computation from observations of 
two or more celestial bodies or four observations of a single celestial body are discussed 
in articles 2116 and 2117. 

2116. Computed position from observation of two or more bodies.—Several 
methods have been proposed for computing the position directly from the observation 
of two or more celestial bodies. These generally consist of some combination of lati- 
tude and time sight methods. One form of automatic celestial navigation, proposed 
by Collins Radio Company, uses the principle of the planetarium in reverse, two bodies 
serving to position a horizontal-stabilized sphere (in principle) for latitude and local 
sidereal time. If the device is accurately set to Greenwich sidereal time, longitude is 
indicated. 

Fox. In 1951 Charles Fox, associate professor of mathematics at McGill Uni- 
versity, Montreal, proposed formulas for computing latitude and longitude if certain 
star pairs are observed, the two stars of each pair having almost the same SHA. Pre- 
sumably, simultaneous observations would be needed. Five such star pairs are listed. 
Four of the stars in three of these pairs are dimmer than the third magnitude, and are 
not listed in the almanacs, either in the main tabulation or among the additional stars. 
More involved formulas are suggested for use of the method with any three celestial 
bodies. 

de Jonge. In 1945 Joost H. Kiewiet de Jonge, a lieutenant in the Netherlands 
East Indies Army Air Force, proposed a method of determining position from the ob- 
servation of three stars. The U.S. Navy Hydrographic Office published experimental 
tables for several star pairs for latitudes 20° to 30° under the title Three Star Position 
Tables for Aerial Navigation. It was anticipated that if the method proved popular, 
all possible three-star combinations (of the stars in the main tabulation of the almanacs) 
would be given, so that the navigator would not be limited in his selection. 

No assumed position is needed with the method. Three stars are observed at 
intervals of three minutes, the stars being observed in the order of listing in the main 
table. Table I is entered with the three altitudes, h,, h:, and h3, and for each a value 
is taken from the table. These values are labeled H,, H;, and H3, respectively. They 
are combined to form H,+H,=Hy., and H.+H;=H,3. These combined values, H,. 
and H»;, are then used to enter the main table, from which local sidereal time (in arc 
units) and latitude are obtained. Greenwich sidereal time minus local sidereal time 
equals longitude (measured westward). Delta values and auxiliary tables provide 
corrections for motion of the observer and observation intervals differing from three 
minutes. Mean corrections for both atmospheric refraction and Coriolis are included 
in the tables, which are limited to altitudes between 20° and 75°, and azimuth difference 
between consecutive stars to 165°. 

Dozier. In 1949 Charles T. Dozier proposed a method based upon the simul- 
taneous observation of two celestial bodies and the solution of two spherical triangles, 
with vertices as follows: 

triangle 1—the two celestial bodies and the elevated pole, 

triangle 2—the two celestial bodies and the zenith. 


COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 549 


The method involves the successive solution of seven formulas: 


cos D=sin d, sin d,-+cos d,; cos dz, cos S (1) 
“reece paced (2) 
sin h, tan h, 
$8 (Mriteos h, sin D~- tan D (3) 
; X= (Xi+ A) Ay (4) 
sin L=sin d, sin h,-+ cos d,; cos h,; cos X, (5) 
RI __sin X, cos h; 
‘eos 1 (6) 


in which D is the great-circle distance (angular) between the two celestial bodies, d, is 
the declination of the first body, d, is the declination of the second body, S is the differ- 
ence of SHA of the two bodies, X; is the parallactic angle of the first body, Ai is the angle 
at the first body between its vertical circle and the great circle between it and the second 
body, h, is the altitude of the first body (Ho is used), hy is the altitude (Ho) of the 
second body, L is the latitude of the observer, t; is the meridian angle of the first body, 
is the longitude of the observer, and GHA is the Greenwich hour angle of the first 
body. 

If the great circle joining the two celestial bodies is on that side of the zenith 
opposite the elevated pole (if Z is within the angle formed by the vertical circle and 
hour circle of the first body), (X1+-A;) is used in formulas (2) and (4), the sign in formula 
(3) is positive (+), and the sign of A, in formula (4) is negative (—). These signs are 
all reversed if the line adjoining the celestial bodies is on the opposite side of the zenith 
(Z outside the angle). If the great circle joining the two bodies passes almost through 
the zenith, an error might be made in the selection of the sign, and it is well to select 
another star pair. In formula (7) the sign is positive if the first celestial body is east 
of the observer’s celestial meridian, and negative if it is west. The answer is in longi- 
tude measured westward from the Greenwich meridian. If the value exceeds 180°, it 
is subtracted from 360°, and the longitude is east. 

If the quadrant of angle (X:+A)) or if t; is in doubt, the following formulas are 
suggested to replace (2) or (6): 


eee KbstwA die Se d, tan ane d, cos S (2A) 
ii ret eh d, tan mee d, cos X, (6A) 


In the presentation of the method it was suggested that simultaneous observations 
be obtained by a two-star tracker mounted on a stable platform, or by a double sextant. 
Several such sextants have been proposed, but none is in common use. Other possi- 
bilities would be to have two observers or to adjust the value of one observation for 
the change in altitude due to its apparent motion and the motion of the observer between 
observations. 

It was proposed that values obtained by solution of formula (1) be published in a 
permanent table, since these values for various star pairs would be constant except for 
the very slight change due to proper motion (art. 1418). Since the values obtained by 
formula (2) change slowly with precession of the equinoxes (art. 1419), it was proposed 
that the angle (X,+-A1) for a number of star pairs be published annually, perhaps in 
the almanacs. The other formulas would be solved after observation of the celestial 


bodies. 
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Kotlari¢é. In 1956 Stjepo M. Kotlarié (art. 2112), of Yugoslavia, proposed a 
method based upon computation of the same quantities suggested by Dozier. In the 
Kotlarié method most of the computation would be done in advance and published in 
tables divided into volumes for different latitude bands. This would generally elimi- 
nate the need for two answers for each set of altitudes, for the two intersections of the 
two circles of position would ordinarily be so far apart that only one solution would 
fall in the tabulated latitude band. Each volume would have a two-page index listing 
the stars used for each 5° latitude band and 15° LHAY band, based upon the selection 
used in H.O. Pub. No. 249, Vol. I (art. 2113). 

Similar tables were proposed for use with two observations of the sun or moon 
taken 45° of GHA apart. In this case, the first observation would be corrected (be- 
fore the tables were entered) for the change in altitude due to motion of the craft 
between observations. 

A separate table would be provided for each pair of observations. The tables 
would be entered with the altitudes, to the nearest 0°5, and the latitude of the observer; 
and the meridian angle of the second celestial body would be taken directly from the 
table. The meridian angle and GHA (from the almanac) would then be combined to 
find longitude. Delta values and a “multiplication table” would provide corrections 
for (1) the differences between observed and tabulated altitudes, (2) the difference 
between actual and tabulated declinations, and (3) the difference between the actual 
and tabulated SHA (or GHA) difference of the two celestial bodies. In the case of 
stars, the corrections for (2) and (3) are primarily due to precession of the equinoxes 
(art. 1419). If star observations were not taken simultaneously, a correction would 
be applied (before the tables were entered) to the first altitude to obtain the value it 
would have if made at the time of the second observation. 

Uribe-White. A unique method of using two stars was suggested in 1952 by 
Enrique Uribe-White, of Colombia. A bubble sextant would be used to measure the 
altitude of one star, while a small, marine-type sextant attached to the bubble sextant 
would be used to measure simultaneously the angle at the star between the vertical cir- 
cle and the great circle through this star and a second one. Prepared tables would 
give the great-circle distance between the two stars and also the angle between the 
great circle joining them and the hour circle of the first star. This angle, combined 
with the inclined angle which would be measured, constitute the parallactic angle 
(art. 1433). With this value, the observed altitude, and the declination of the first 
body, the latitude of the observer and the meridian angle of the first star could be com- 
puted by relatively simple formulas or by a mechanical computer proposed by the 
originator of the method. Meridian angle could be compared with GHA to deter- 
mine longitude. 

2117. Position from observation of single body.—If azimuth could be determined 
and plotted to sufficient accuracy, the altitude and azimuth of a single body could be 
used for establishing a fix. Any combination of altitude and azimuth methods (arts. 
2108 and 2114) might be used, or the position could be computed without plotting. The 
following formulas might be used: 


sin t=sin Z cos h sec d 
tan K,=cos t cot d 
tan K,=cos Z cot h 
L=90°—(K,+K;) (Approximate latitude must be known) 


. A single body can be used for a running fix, of course, and if the body is near the 
zenith, a relatively short time might be needed. This is the case for high-altitude 
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observations (art. 2011) and has been used by a submarine measuring azimuth through 
its periscope when the sun is near the zenith (art. 2404). 

Willis. Another method of determining position by a single body is by the use 
of altitude and rate of change of altitude. Three methods of doing this were suggested 
by Edward J. Willis in 1928. 

Prime vertical observation. It can be shown by the use of differential calculus 
(art. 044) that 

dh 
cos L= ai 


dh . . ; ; 
when ats the rate of change of altitude with respect to time, specifically the change of 


esc Z (1) 


altitude in minutes of arc during a one-minute-of-arc (four-seconds-of-time) change of 
hour angle of the body. However, to obtain latitude accurately in this way it is neces- 


. dh ; 
sary to determine aa to an accuracy of perhaps four decimal places, and Z to an ac- 


curacy of perhaps one minute of arc. Two possible methods of obtaining > are given 


below, but present instrument limitations do not permit measurement of azimuth to 
the required accuracy. However, the cosecant of 90° is unity, so that if the observation 
is made when the celestial body is on the prime vertical, the formula becomes 


dh 
cos L=7- (2) 
Relatively little error is introduced if the body is within 1° of the prime vertical. 


The determination of position consists of the following steps: 
1. Observe the altitude (h) and rate of change of altitude (3) when the celestial 


body is within 1° of the prime vertical. 

2. Compute latitude (L) by formula (2). 

3. Determine longitude by any standard method, such as H.O. Pub. No. 214 or 
other line of position method, or by time sight (art. 2106). 

Perpendicular lines of position. The great circle through the zenith and the celestial 
body (the vertical circle or azimuth line) furnishes an azimuth line of position that can 
be established if rate of change of altitude can be accurately determined. This line is 
perpendicular to the circle of equal altitude and therefore nearly perpendicular to the 
line of position determined in the usual manner. The intersection of the two lines 
is the position of the observer. The method involves the following steps: 


1. Observe the altitude (h) and rate of change of altitude (5 . 


2. Compute the direction of the great circle through the zenith and the celestial 
body (the vertical circle) at the point where the great circle crosses the celestial equator. 
This is the complement of the latitude of the vertex and so can be found from a modifica- 
tion of formula (2), which gives the latitude of the vertex: 


sin L=F (3) 


3, Compute the longitude (Ao) at which the vertical circle crosses the celestial 
equator, using the formula 


sin (Ao~ Ay) =tan Zo tan d (4) 


The value 2, is the longitude of the geographical position of the celestial body. 
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4. Solve for the latitude (L) at which the azimuth line of position crosses the 
meridian of the dead reckoning position, or for longitude (A) at which the line crosses 
the parallel of latitude of the dead reckoning position, using one of the following formulas: 


tan L=cot Zo sin (Ao~Apr) (5) 
or sin (Ao~A)=tan Z, tan Lpr (6) 


in which Lye and Apr are the DR latitude and longitude, respectively. Any assumed 
position in the vicinity can be used in place of the DR. In general, it is preferable to 
use (5) if azimuth angle is between 45° and 135°, and (6) if it is outside these limits. 

5. Solve for the direction (Z) of the azimuth line of position at the point determined 
in step (4), using the formula 


sin Z=sin Zo sec L (7) 


If the DR position or the AP is near the actual position, the azimuth can be considered 
the same at both without appreciable error. 

6. Plot the azimuth line of position through the point found in step (4), in the 
direction found in step (5). 

7. Compute a and Zn by any method and plot the resulting line of position. The 
intersection of the two lines of position is the fix. 

Latitude and longitude by computation. This method is independent of a dead 
reckoning position, and requires no plotting. It is free from limitations except that 
observations near meridian transit should be avoided. At this time the rate of change of 
altitude decreases to zero and then reverses, introducing a possible error. The steps 
by this method are: 


1. Observe the altitude (h) and rate of change of altitude (F . 


2. Compute Zo, using formula (3). 
3. Compute the latitude (L) of the observer by the formula 
sin L=cos Z, cos [ ht sin~’ (=) y| (8) 
sin d 
cos Zo 
from h. The cosine of this angle is then multiplied by cos Zo, and the result is the sine 
of the latitude of the observer. The sign is positive (+) unless L is greater than d and 
has the same name, when it is negative (—). However, if d is of the same name and 
greater, the angle to be added may be greater than 90°. 
4. Compute the meridian angle of the observer by the formula 


In the solution of this equation, the angle whose sine is is added to or subtracted 


sin t=sin Zp cos h sec d sec L (9) 


5. Determine GHA for the time of observation. 
6. Convert t to LHA, and compute longitude (d) by the formula 


\=GHA—LHA (10) 


If d is greater than 180°, subtract it from 360° and label it E (east). 
Formulas (8) and (10) yield a position on the circle of equal altitude regardless of 
the value of Z, used. The correct position is given only if the correct value of Zy is used. 


Any of the three methods requires determination of Se Two methods are proposed: 


In the first, the time needed for the sun (or moon) to change altitude an amount 
equal to its own diameter is measured. If the body is rising, the upper limb of the 
reflected image is brought a short distance below the horizon. As it makes contact 
with the horizon, a stop watch is started. When the lower limb makes contact with the 
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horizon (usually between 127.8 seconds, the minimum for a stationary observer, and 
ten minutes after the first contact) the watch is stopped, and the time is read to the 
nearest tenth of a second, if possible. If the body is setting, the lower limb of the 
reflected image is brought a short distance above the horizon and the watch started 
when the lower limb makes contact and stopped when the upper limb makes contact 
with the horizon. At sunrise or sunset no sextant is needed. Any lag in starting or 
stopping the watch will not affect the result if it is the same at both ends of the period. 
The diameter of the body, in minutes of arc, divided by one-fourth the number of 


Oh fac: $= ; 
seconds is nee Since semidiameter is tabulated, the most convenient procedure for 


determining ae is probably to solve the equation 

dh 8SD 

atin alk. 
where SD is the semidiameter of the body in minutes and T is the time interval in 
seconds. The semidiameter is given to the nearest 0/1 in the Nautical Almanac. 
More accurate results will be obtained if the value is taken from the E’phemeris, where 
semidiameter is given to the nearest 0701. 

The motion of the observer introduces an error which can be corrected as follows: 
multiply half the run of the vessel between upper and lower limb contacts, expressed 
in nautical miles, by the cosine of the angle between the course of the vessel and the 
azimuth of the celestial body at the mid time of observation. If this angle is less than 
90°, the correction is added to the tabulated semidiameter if the body is setting, and 
subtracted if it is rising. If the angle is greater than 90°, the correction is added if the 
body is rising and subtracted if it is setting. 

Some practice may be needed to obtain an accurate measurement of the time inter- 
val. This practice might be obtained by making a number of observations at a known 
position and comparing these with values obtained by computation, using the formula 


T=8 SD cos h sec d sec L esc t, 

using He for h. 

The time of an observation is at the middle of the interval between contacts. 
In correcting hs, the reading of the sextant, to obtain Ho, omit the correction for 
semidiameter. This might be done by correcting in the usual manner, with an addi- 
tional correction equal to the semidiameter. The additional correction is negative 
(—) if the lower limb correction is applied, and positive (+) if the upper limb correction 
is applied. Another way is to apply neither the lower nor upper limb correction, but 
a value equal to the algebraic average of both. 


Ae hoes 
The second method of determining is given as the more accurate of the two. 


It consists of observing three altitudes of the celestial body at exactly equal intervals 
of from 15 to 30 minutes. A shorter interval may result in too great an error in rate, 
while a longer one increases the time without advantage. If hy, h2, and h; are the three 
altitudes and t, and t, are the meridian angles at the times of the first and third ob- 


servations, respectively, 2 can be computed by means of the formula 


dh _ gin. 3e(hy—hs) 008 ¥(hy-+hs) ese H(t —ta) see he. 

If difficulty is experienced in making an accurate observation at a given time, 
better results might be obtained by computing the time for the third observation, by 
adding the interval between the first two observations to the time of the second ob- 


servation, and then making several observations starting shortly before the computed 
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time. These can then be plotted on cross-section paper with altitude as one coordinate 
and time as the other. The altitude indicated by the intersection of the line represent- 
ing the required time and a line faired through the plotted points is used as the third 
altitude. A similar procedure might increase the accuracy of the first two observa- 
tions. A quicker but less accurate way of determining the third altitude is to take one 
observation shortly before the required time and another shortly after it, and interpolat- 
ing to find the altitude at the required time. Another variation is to take an altitude 
at about the required time and adjust the second altitude to the corresponding value 
midway between the first and third observations, using the mean value found by 
interpolating from the first or third observation and extrapolating (art. P6) from the 
other. The time and altitude are those of the second observation. 

This method assumes no change of declination between observations, and no change 
in the position of the observer. When the observer is not stationary, a correction is 
applied to h; and h; to convert them to the equivalent values at the position of the 
second observation. Assuming constant course and speed, this correction in minutes 
of arc is equal to the vessel’s run between consecutive observations multiplied by the 
cosine of the angle between the course of the vessel and the average azimuth of the 
body. If the angle is less than 90°, the correction is added to h, and subtracted from hg. 
If the angle is greater than 90°, the correction is subtracted from h, and added to hg. 


A possible variation of either method of determining a would be to make a com- 


paratively large number of observations (10 to 15) at short intervals and plot the 
altitudes versus time on cross-section paper. A point near each end of the line faired 
through the plotted points would then be corrected for the run of the vessel, as in the 
second method. Two points might then be selected, one near each end of the altitude- 
time line. The change in altitude, in minutes, divided by the number of seconds 
between the two points is a If preferred, three points might be selected at equal 
intervals and the formula of the second method used. 

Rate determined by two individual observations a few minutes apart would not 
be sufficiently accurate for practical navigation. 

None of the methods employing rate of change of altitude have proved popular, 
probably because of the difficulty of obtaining an accurate value of eth The use of 
azimuth and rate of change of azimuth, altitude and rate of change of azimuth, or 
azimuth and rate of change of altitude have been even less attractive because of the 
even greater difficulty of obtaining accurate measurements of azimuth or rate of change 
of azimuth. With the further development of automatic devices for continuously 
measuring altitude or azimuth, with allowance for motion of the observer, such methods 
might prove more attractive. 

2118. Use of unique situations.—Various unique situations might be used for 
determining position or a line of position. As a general rule these have not been 
attractive because they could be used only when the conditions were met. As an ex- 
ample, if a celestial body of known coordinates were known to be in the zenith, the 
declination of the body would be the same as the latitude of the observer. His longitude 
would be the same as GHA of the body (360°—GHA in east longitude). 

Near the geographical poles, the poles can be used as the assumed position. Here 
the declination of the body is the same as the computed altitude, and GHA replaces 
azimuth. 

Meridian altitudes (art. 2103) and latitude by Polaris (art. 2105) are examples of 
methods depending upon unique situations. These have both been used extensively, 
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but are decreasing in popularity because of their reliance upon unique conditions, 
without adequately compensating advantages. 

Shchetkin. In 1899 N. O. Shchetkin proposed a method of computing latitude 
and meridian angle from measurement of the times at which two or more pairs of stars 
have the same altitude. Each star pair would provide, in effect, a single great-circle 
line of position. Variations of the method were proposed by Zinger, Pewzow, and 
W. W. Kawraisky, a Russian. The necessary tables for latitude 60°N to 80°N were 
published by the Astronomical Institute of Russia in 1936. A similar method was 
prepared by Simon Swahn in 1943. 

Collins. In 1946 Oliver C. Collins, an astronomer at the University of Nebraska, 
proposed a variation of the method of Shchetkin, and extended it to include observa- 
tions when two celestial bodies have the same azimuth. 

McKee. In 1951 Lieutenant Merlin A. McKee, USMS, proposed a graphical 
solution of the same-altitude method of Collins. 

Pierce. About 1951 Rear Admiral M. R. Pierce, USN (Ret.), suggested a method 
of establishing a line of position perpendicular to the course line when the altitude of 
a celestial body is observed at the moment it crosses the great circle through the 
observer and his destination. 

2119. Graphical and mechanical solutions.—All of the methods described above 
require tables, either for a mathematical solution or to extract computed values of 
altitude and azimuth. The total number of possible tabular solutions must be very 
great. The number of graphical and mechanical solutions is almost endless. The 
ones selected for mention below are representative of the types that have been prepared 
or made available. 

Graphical solutions are almost as old as tabular ones, having existed at least since 
1790, when Margetts’ Horary Tables appeared in graphical form. These were intended 
“for shewing by Inspection the Apparent Diurnal Motion of the Sun, Moon, and Stars, 
the Latitude of a Ship and the Azimuth, Time, or Altitude corresponding with any 
Celestial Object.” They were intended primarily for use with the longitude method 
of laying down a line of position. 

In general, graphical and mechanical solutions have not proved popular, for several 
reasons: First, they generally involve a small scale, yielding results of less accuracy 
than desired, even with careful work. Second, some of the methods must be used as 
a whole, and cannot be divided into parts to increase the scale. Third, such methods 
usually do not provide a record of the solution, and it is often difficult to check the 
results. Fourth, solutions requiring instruments are subject to errors due to lack of 
proper adjustment or mechanical damage which may not be apparent. Fifth, the 
required diagrams or instruments may be quite bulky, requiring considerable space 
for stowage and manipulation. Finally, in some cases the necessary instruments are 
expensive. 

2120. Altitude and azimuth angle by graph.—One type of graphical solution is 
by means of a diagram that solves an equation. 

d’Ocagne. Typical of such diagrams is that prepared by Maurice d’Ocagne, a 
Frenchman. Both altitude and azimuth angle can be found by means of this diagram, 
which is based upon the following formulas: 


hav z=hav (L—d)-+{hav [180°—(L-+d)]—hav (L—d)} hav t, 
hav (90°+d)=hav (L—h)+{hav [180°—(L+h)]—hav (L—h)} hav Z, 


in which z—90°—h. 
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The sides of a square are divided according to the haversines of angles, from a? 
to 180°, and the corresponding graduations of opposite sides are connected with straight 
lines, forming a diagram as shown in figure 2120a. The graduations on the two sides 
run in opposite directions. To find the zenith distance, locate the value corresponding 
to (L—d) along the left of the diagram, and the value corresponding to (L+d) along 
the right of the diagram. Draw a straight line through these pomts. Locate the 
intersection of this line with the vertical line corresponding to meridian angle. A 
horizontal line from this intersection to the left edge indicates the zenith distance. 
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Figure 2120a.—The d’Ocagne diagram as H.O. Chart No. 2776. 


To find azimuth angle, draw a straight line between (L—h) at the left and (L+h) 
at the right. Locate the intersection of this line and the horizontal line corresponding 
to (90°—d). A vertical line from this intersection to the top of the diagram indicates 
the azimuth angle. 

If the altitude, latitude, and declination are known, the first solution can be made 
in reverse for meridian angle, for a longitude method solution. 

The diagram was first published in 1899 in Traité de Nomographe by d’Ocagne. 
Similar diagrams have since been published under the name Spherical Triangle Nomo- 
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gram by Wimperis, and under the 
title Altitude, Azimuth, and Hour 
Angle Diagram by Littlehales in 
1906, and by the U. S. Navy Hy- 
drographic Office in 1917. 

Favé and Rollet de l’Isle.— 
If a perpendicular is dropped from 
the celestial body to the celestial 
meridian, a diagram can be pre- 
pared to solve the basic formulas 
given in article 2111, or others de- 
rived from these. Such a diagram 
is shown in figure 2120b. This 
diagram was devised by the French 
engineers Favé and Rollet de I’Isle 
in 1892. The diagram represents 
only one-eighth of a sphere, addi- 
tional sections being needed. An 
alternative is to show additional 
labels, as in figure 2120b. This 
results in three ‘‘cases’”’ and sev- 
eral rules similar to those used with 
some logarithmic solutions. Solu- 
tions for both altitude and azimuth 
angle are made in two steps, plus 
one addition or subtraction. This 
diagram was reproduced by the 
Frenchman M. E. Pereire in 1894 
and by another Frenchman, P. 
Constan, in 1906 as a method of 
finding azimuth. 

Jernes.—In 1953 Leiv Jernes, 
a Norwegian, invented a device he 
called a ‘‘Nauticator,’’ which con- 
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Fietre 2120b.—The Favé diagram. 


sists of various scales in a semicircle with radial scales on a plastic arm pivoted at 


the center of curvature of the semicircle. 


The device is used with a pair of dividers 


to solve various problems of spherical trigonometry to an accuracy of about 15’. ' 
Bertin. In 1955 Rev. Maurice Bertin, a Frenchman, devised a graphical 
solution for the longitude method, using the formulas: 


tan? % t=tan % (90°—a) tan % (90°—8) 


} tan % (90°—a) 
tan 4 (90°—8) 


and tan? % Z= 
in which 
and tan % B 


(1) 
(2) 


tan 4% a=tan % (h+d) tan % (90°—L) 


tan 4% (h—d) 


tan ¥ (90°—L). 
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The diagram consists of three families of straight lines, one vertical, one horizontal, 
and the third at an angle of 45° to the others. The accuracy depends upon the scale 
of the diagram, but a large one is needed for navigational accuracy. 

2121. Altitude and azimuth angle by computer.—Slide rules, like diagrams, have 
been devised to solve formulas. In the case of the navigational triangle, both suffer 
from the need for a scale that can be read to a subdivision at least as small as 1’. A 
number of such slide rules have been devised for use in reducing celestial observations. 

Richer. In 1791 Jean Francisco Richer, a Frenchman, constructed a device 
composed of six arms, some hinged and some sliding, which won a prize offered by the 
Paris Academy of Science for a simple method of ‘clearing’ lunar distances (art. 131) 
in the solution for longitude. The device solved a formula devised by the French 
mathematician Joseph Louis Lagrange, and was capable also of solving other problems 
involving spherical triangles, such as those related to time sight solution (art. 2106), 
computation of altitude, and great-circle sailing problems (art. 819). 

Poor. Acslide rule invented by Professor Charles L. Poor is shown in figure 2121a. 
This device, called the “Line of Position Computer,” was designed to solve the cosine- 
haversine formula (art. 2109). Eight concentric circular scales are engraved on a 
metal disk about 15 inches in diameter. A plastic arm and circular sheet are pivoted 
at the center of the disk. The arm may be clamped to the plastic sheet. The seven 


Figure 2121a.—The Poor Line of Position Computer. 
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Figure 2121b.—The Bygrave slide rule. 


outer scales are used in solving for altitude. The altitude scale is graduated at intervals 
of 10’, and further subdivisions can be estimated. The inner scale is used for deter- 
mining azimuth angle. Several rules are needed, and the number of scales adds to the 
possibility of error. 

Bygrave. A cylindrical slide rule was designed by the Englishman Bygrave to solve 
the navigational triangle divided by dropping a perpendicular from the celestial body 
to the celestial meridian (fig. 2111). This device, shown in figure 2121b, consists of 
three concentric tubes. The inner one has a spiral scale of logarithmic tangents, the 
middle one a spiral scale of logarithmic cosines, and the outer one a pointer for each 
scale. Solution is simple and relatively fast, but altered procedures are required if the 
azimuth angle is near 90°, or the meridian angle or declination is very small. The 
overall dimensions are about 2% inches in diameter by nine inches long. An accuracy 
of about 1’ or 2’ is generally attainable. 

Bertin. In 1955 Rev. Maurice Bertin devised an 18-inch slide rule to provide a 
solution of the longitude method to an accuracy of about 1°, using the formulas upon 
which his graphical solution (art. 2120) is based. He also devised a solution of the 
same formulas by a circular slide rule consisting essentially of two spirals. The inner 
one is on a disk 23 centimeters (9.2 inches) in diameter, and the outer one is on an 
annular ring 39 centimeters (15.6 inches) in outside diameter. The graduations are 
proportional to the log cotangents of half-angles. A window on a cover is provided 
with a radial line to serve as an index. Solution is facilitated if an approximation of 
the answer is known in advance. An accuracy of better than 3’ is claimed for this 
device. Still another solution proposed at the same time is by a computer consisting 
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of a strip four centimeters (1.6 inches) wide and 12 meters (nearly 40 feet) long, wound 
on two rollers and engraved with three sets of graduations. An accuracy of better 
than 1’ is claimed, but several arithmetical steps are required. 

LeSort. A computing device based upon solution of formulas for a divided navi- 
gational triangle was designed by Commander LeSort of the French Navy. Logarith- 
mic scales are placed on eight films wound on rollers. The films operate in pairs so 
arranged that the two films of any pair can be locked together at any point. Alternate 
films carry log cosine and log tangent scales. Although an accuracy of about 0/2 can 
be obtained, the method is comparatively long and has no apparent advantage over 
modern inspection tables. 

Desk computers. Several desk-type computers have been designed to solve the 
navigational triangle, but none has proved popular. 

2122. Altitude and azimuth angle by map projection.—I{ the observer were to 
move along his meridian to the nearer pole, and the navigational triangle were to 
move with him without its proportions being changed, his zenith would coincide with 
the pole, and the vertical circle would coincide with some celestial meridian. Zenith 
distance or altitude could be read directly. Since both great circles forming the 
azimuth angle would now coincide with celestial meridians, the azimuth angle could 
also be determined directly. 

Littlehales. To accomplish this with a sphere, to a useful accuracy, would require 
a sphere of impractical size for use by the navigator. However, the solution can be 
made by means of a map projection. George Littlehales, of the U.S. Navy Hydro- 
graphic Office, used the stereographic projection (art. 318) and a 12-foot sphere for 
this purpose. The projection is divided into 368 overlapping sheets which, with a 
key diagram, are bound together. An accuracy of about 1’ or 2’ can be obtained by 
a rapid and simple process, but the volume is bulky and not particularly convenient. 

Veater. Commander Veater of the British Royal Navy used the transverse Mer- 
cator projection (art. 309), with the observer’s meridian as the fictitious equator. 

Hyatt. A similar principle is utilized in the diagram on the plane of the celestial 
meridian (art. 1432). A mechanical device based upon this diagram can be made by 
drawing a hemisphere by equatorial orthographic (art. 319) or stereographic projection 
and pivoting at its center an identical hemisphere on transparent material. If the top 
hemisphere is rotated until the arc between poles of the two hemispheres is equal 
to the colatitude of the observer, the lines of one hemisphere represent coordinates of 
the celestial equator system (art. 1426), and those of the other, coordinates of the 
horizon system (art. 1428). Thus, if a body is located by meridian angle and declina- 
tion on one set of lines, its altitude and azimuth angle can be read from the other set. 
If altitude and declination are used to locate the body, meridian angle can be read from 
the diagram. In the United States such a device, on both the orthographic and stereo- 
graphic projections, has been prepared by Commander Delwyn Hyatt, USN, under 
the titles ‘‘Celestial Coordinator” and ‘Coordinate Transformer.’ It has also been 
produced in other countries, notably in Germany, France, and Russia, where, in addi- 
tion to such a device, precision instruments based upon the same principle have been 
constructed. The scale of the German instrument is so small that an accuracy of 
about 5’ is about the best that can be expected. The Bastien-Morin (French) and 
Kavroyskyy (Russian) instruments might yield results of slightly greater accuracy. 
The plastic device, if carefully made, might be generally accurate to half a degree. 
It has been used primarily for instructional purposes. 

Brown-Nassau. The Brown-Nassau “Navigational Computer’ utilizes the same 
principle, but uses the azimuthal equidistant projection (art. 320) and increases the 
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scale by limiting the device to an octant of the sphere, with separate solutions for alti- 
tude and azimuth, and various rules. 

True. In his Celestial Navigator for Aviators, printed about 1943, Clarence H. True, 
of the Canal Zone, uses a single diagram on the orthographic projection. This serves as 
the basis for a solution by construction, claimed to be of sufficient accuracy for use in 
lifeboats. Various rules are needed. 

Pierce. A series of diagrams on the azimuthal equidistant projection have been 
devised by Rear Admiral M. R. Pierce, USN (Ret.). The method is based upon the 
principle that angles are correctly represented at the point of tangency of this projection, 
and radial lines from this point represent great circles along which distances are repre- 
sented by a uniform scale. A protractor is used for measuring the azimuth angle. 
Attached to the protractor is an arm with a linear scale graduated so that altitude can 
be read directly. The whole device 
iscalled a ‘‘Cadameter.’’ The meth- 
od is easy to use, and about as fast 
as modern inspection tables. With 
great care an accuracy of 1’ can be 
obtained. The method suffers from 
the need for a number of diagrams 
which are somewhat bulky and more 
susceptible to damage than a book. 

2123. Latitude and longitude 
by diagram.—A number of graphical 
and mechanical solutions have been 
devised to yield latitude and longi- 
tude directly. 

Beij. One proposed in 1924 by 
K. Hilding Beij, of the U.S. Bureau 
of Standards, was based upon the a 
fact that latitude and local sidereal 
time are completely defined by the 
simultaneous altitudes of two celes- 
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scissa, and LST is the ordinate. Po- 

sition on the graph is located by the intersection of the curves representing the altitude 
of the two celestial bodies observed. The vertical line through the intersection 
indicates the latitude, and~ the horizontal line the LST. The difference between 
GST and LST is the longitude. If a timepiece keeping GST is available, not even 
an almanac is needed. 

The method is accurate, fast, and direct. The individual sheets can be drawn 
to any scale and cut to any size desired. Fora large scale with sheets of a convenient 
size, a great many diagrams would be needed, but these might be bound together in 
convenient-size volumes, or placed on a tape wound around rollers, as originally proposed. 
A weakness of the method is the requirement for simultaneous observations. For 
nonsimultaneous observations a table might be provided to indicate the change in 
altitude during the interval between observations. Since the positions of the curves 
depend upon the declination and SHA of the body, the method is limited to celestial 
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bodies whose coordinates are nearly constant, unless the curves are intended only for a 
particular time. Even for stars, the diagrams become out-of-date in a few years. The 
method is limited to the particular bodies for which curves are shown, although the 
number of curves need not be limited to two. This is a form of precomputation, since 
the computation is performed in locating the curves, rather than by the navigator. 
In a sense, it might be considered a graphical form of H.O. Pub. No. 249 (art. 2113). 

Weems. If the Beij diagram is rotated through 90°, the parallels of latitude be- 
come horizontal, as customary onachart. If they are spaced according to the Mercator 
projection, azimuth is indicated by the normal to a curve. This is the arrangement 
used by Captain P. V. H. Weems, USN (Ret.), in his Star Altitude Curves, the first 
volume of which was published in 1928. Later he added a third star, using a different 
color for each star, and included a correction for refraction at sea level. A separate 
volume is used for each 10° of latitude, and a correction is provided for precession of 
the equinoxes. Coverage extends from latitude 50°S to 70°N, with a separate volume 
for latitude 70°-90°N. The curves for 80°-90°N are on the polar stereographic 
projection. Any orthomorphic projection (art. 302) could be used at any latitude. 

Lines representing observations at different times can be advanced or retired as 
on any chart of the same projection. In addition to the adjustment due to motion of 
the craft between observations, the lines are shifted right or left for the elapsed time 
between observations. An accuracy of about 1’ is attainable by interpolation between 
curves for each 10’ of altitude. 

The star altitude curves are undoubtedly the most widely used of all the graphical 
and mechanical methods. Two-star curves similar to Weems’ first edition were 
published in Germany in 1940. 

Pritchard and Lamplough. In 1940 H. C. Pritchard and F. E. Lamplough, of 
the British Royal Aircraft Establishment, devised a method of reducing the work in- 
volved in the adjustment for elapsed time between observations. They placed the 
star altitude curves on film which is used in a projector called an astrograph. The 
curves are projected onto a Mercator plotting sheet and can be moved across it to allow 
for rotation of the earth. The adjustment is critical, the setting of the projector some- 
what involved (a special ‘‘astrograph mean time’”’ being needed), and a bulky and ex- 
pensive projector is needed to prevent distortion. Because of these disadvantages and 
the fact that any advantage over short tabular methods is slight, the astrograph 
decreased in popularity following World War II. 

Longley. In 1943 Flight Lieutenant C. D. N. Longley, RAF, suggested a “Star 
Computer” based upon the principle of the astrograph. A circular disk serving as a 
base plate would have a mean time scale around its circumference. Altitude curves 
of a limited number of stars would be printed on a template for each latitude. The 
circumference of each template would also carry a mean time scale. A radial cursor 
would aid in reading the device, which is set by means of the GMT at which LHAT is 
0° at some convenient longitude, the time of observation, and observed altitude. 
Longitude is determined within a 10° band, the ambiguity being resolved by means of 
the dead reckoning position. With a modification of the procedure, the device can be 
used with the altitude method. 

Baker. As early as 1919 Commander T. Y. Baker, RN, prepared altitude curves 
and their orthogonals (normals) on transparent tape which is wound on rollers in the 
“Baker Navigating Machine’ (fig. 2123b). The transparent tape is moved across a 
Mercator plotting sheet, being oriented by means of a time scale set with respect 
to a meridian. The line of position is transferred to the plotting sheet by means of 
carbon paper. A single tape has curves for several stars, and a separate tape for each 
4° of declination from 24°N to 24°S permits use of the device with the sun and other 
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bodies of the solar system. A rule attached to the machine (shown at the top of fig. 
2123b) provides a correction for declination differing from that of the curves. 

Davies. The principle of the Baker Navigating Machine was used by Com- 
mander T. D. Davies, USN, in 1947 in a device for use in the antarctic. A chart on 
the polar azimuthal equidistant projection (art. 320) is printed on plastic material. 
A set of altitude curves is printed on a second sheet and placed under the chart, being 
pivoted at the south pole. A slot in the material bearing the altitude curves permits 
adjustment for any declination between 8°S and 18°S, the values the sun was to 
have had during the original period of use. Additional sets of curves could be provided 
for other declination ranges, or the slot increased in length. In the use of the device, 
the curves are oriented for GHA and declination, and a short segment of the curve 
representing the observed altitude is traced on the chart. 

Weems. In 1955 Captain P. V. H. Weems, USN (Ret.), prepared a somewhat 
similar device called a ‘Polar Computer,” using his star altitude curves. 

Leick. In 1911 Dr. A. Leick, a German, prepared a diagram by which latitude 
and LST could be obtained by altitudes of Polaris and one other star. The diagram 
can be used for finding the 
correction to apply to the 
altitude of Polaris to de- 
termine the latitude, and 
then to find the LST in a 
second step. 

Favé. In 1901 Favé 
devised a graphical solu- 
tion based upon the Marcq 
St.-Hilaire principle (art. 
2108). Achart on the ster- 
eographic projection (art. 
318) is used. Tables of 
computed altitude and az- 
imuth for the point of 
tangency are needed. The 
chart is on transparent ma- 
terial. An additional sheet Ficure 2123b.—The Baker Navigating Machine. 
has a set of arcs of circles, 
with a straight azimuth line drawn normal to them. The chart is placed over the curves 
with the straight azimuth line through the point of tangency and oriented in the 
direction of the celestial body. A large circle on the chart assists in this orientation. 
The chart is then moved along the azimuth line until the curve representing the com- 
puted altitude at the point of tangency is under that point. The curve representing 
the observed altitude is then correctly placed and a segment of it can be traced on the 
chart. However, due to chart distortion, error is introduced in this way. It can be 
removed by means of a nomogram which indicates the correct curve to use. A mark is 
placed on the chart at the intersection of the azimuth line and the curve representing the 
observed altitude. The chart is then moved along the azimuth line a second time until 
the correct curve is in place, and the arc is traced. This process is repeated for each 
celestial body observed. For stars, a one-page set of curves can be used instead of 
tables for determining altitude and azimuth at the point of tangency. Favé recom- 
mended use of five separate charts with points of tangency at 0°, 30°, 45°, 75°, and 90°, 
respectively. Each chart could be used as a plotting sheet for any longitude at the 
same latitude, requiring computed altitude and azimuth for only five places. Favé 
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later put his method into instrumental form and used a special protractor and curved 
ruler. 

Brill. In 1909 Dr. Alfred Brill, a German, invented a device based upon the 
same principle used by Favé, as shown in figure 2123c. In this device the plotting 
sheet is on the azimuthal equidistant projection (art. 320) and covers about 10° of 
latitude. Two sets of curves on separate sheets of tracing cloth are mounted below the 
plotting sheet. A handle turns the plotting sheet to the correct azimuth. 

Voigt. The same principle used by Favé and Brill was used in the Voigt ‘‘Orion’”’ 
instrument constructed in Germany in 1911. A plotting sheet on the azimuthal equi- 
distant projection is engraved on aluminum. Each of the three plotting sheets, 
centered on latitudes 42°, 50°, and 55°, respectively, covers a spread of 10° of latitude. 
The line of position is drawn by means of a flexible ruler mounted on a bridge that can 
be clamped at any position over the plotting sheet. The curvature is controlled by 
means of gears, a scale being provided to indicate the correct value. 

Vucetic. In 1921 a device called 
a ‘‘Toposcope’”’ was prepared by 
Vucetic, a Frenchman. The device 
is identical with the Brill instrument 
except that a single set of curves is 
prepared and these are cut through 
the material as slots, and placed over 
the top of the plotting sheet. 

Littlehales in 1918 suggested a 
method similar to that of Favé, but 
with a polyconic projection (art. 315). 

Kahn. In 1928 Louis Kahn, a 
French naval architect, proposed that 
a set of navigational charts be pre- 
pared on the oblique Mercator pro- 
jection (art. 310), a separate chart 
being provided for the great circle 
between various places on the earth. 
On each chart the small circles on the 
earth directly below the parallels of 

Figure 2123c.—The Brill device. declination (that is, the daily paths 
of the geographical positions) of var- 
lous navigational stars would be shown. These circles would be graduated in Greenwich 
sidereal time, so that the GP at any GST would be indicated. The distance from any 
assumed position to the GP at the instant of observation would be the zenith distance, 
and the direction of the line would be the azimuth. By comparing the observed 
zenith distance with that at the assumed position, the navigator could obtain the 
altitude difference, and plot the line of position. The common intersection of two or 
more such lines of position, advanced or retired to a common time if necessary, would 
define the position of the observer. The method would be limited to zenith distance 
within the range of the chart. A later version would produce greater accuracy, but 
with a little more trouble in making the measurements, by substituting the gnomonic 
projection (art. 317) for the oblique Mercator projection. 

Dusinberre. In 1944 Lieutenant Commander H. W. Dusinberre, USN, suggested 
a method using star diagrams. A diagram for each 1° of latitude and 1° of LHAT 
would be provided. Each diagram would consist of a series of radial lines extending 
in the directions of the prominent stars favorable for observation. The 22 stars of 
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H.O. Pub. No. 218 (art. 2113) were suggested. Until changed by precession of the 
equinoxes (art. 1419) the common origin of these lines would represent a definite 
altitude for each star. The altitude at the next higher whole degree or half degree, 
adjusted for refraction, would be indicated by a tick on the appropriate azimuth line. 
After observation, a transparent plotting board would be properly oriented over the 
appropriate star diagram, using LHAY and adjusting for the run between observations. 
The line of position would then be drawn at the correct point, perpendicular to the 
azimuth line, using the tick as a guide. An LHAT computer was proposed for de- 
termining LHAT at the time of each observation from a single LHAY for a time near 
the start of each set of observations. When all lines of position were plotted, the 
fix would be transferred to the chart or plotting sheet. 

2124. Solution by sphere.—Solution of a spherical triangle directly on a spherical 
surface, or by means of arcs representing great circles on the surface of an imaginary 
sphere, must have occurred to man quite early. Pictures of ancient navigators sur- 
rounded by their instruments and accessories invariably show a sphere. Solution 
by sphere is still suggested from time to time. Although this method is relatively simple 
and easy, the problem of scale is even more acute than in the graphical solutions. 

Spherical methods can be classified in three groups: (1) those which solve the 
navigational triangle for a single line of position, (2) those which solve two or more 
observations for a fix, and (3) those which combine observation and solution for 
a fix. 

The first group constructs the navigational triangle with arcs of great circles. 
Essentially, such a device consists of three arcs. The one representing the celestial 
meridian is usually fixed and a part of the frame. The base to which it is attached 
usually carries the azimuth scale. Movable arcs are provided for the vertical circle 
and the hour circle. If the latitude, meridian angle, and declination are properly set, 
the three arcs form the navigational triangle, and altitude and azimuth angle can be 
read from their scales. If altitude is used for constructing the triangle, meridian angle 
can be read from the instrument for a longitude solution. 

Willis. A large number of teaching aids has been based upon this design or one of 
the many possible variations of it. Several precision instruments have been proposed or 
actually constructed. In 1932 such an instrument designed by Edward J. Willis, an 
American engineer, was constructed in Scotland. The marine version, weighing about 
27 pounds, is graduated to 1’; and the aeronautical version, weighing between seven 
and eight pounds, is graduated to 5’. The longest dimension of either version is 11 
inches. 

Japanese Navy. During World War II, the Japanese Navy used an instrument 
virtually in the form described above. Results were accurate to approximately 1’. 

McMillen. Of the various methods of determining a fix by sphere, the most ob- 
vious is that of providing an actual sphere as a plotting surface, with provision for 
striking arcs equal to the zenith distances, using the geographical positions of the 
celestial bodies as centers. In 1943 such a method was proposed by D. A. McMillen, 
a United States businessman in Sao Paulo, Brazil. His sphere, of a little more than 14 
inches in diameter, had a scale of 8° (480 nautical miles) per inch along a great circle. 

Hiltner. In 1945 Dr. W. F. Hiltner, a professor at Lehigh University, suggested 
a similar method using arcs of spheres and a billiard ball. This, in effect, sets up two 
navigational triangles, locating the observer at the common zenith of both triangles. 
Simultaneous observations are needed. 

U. S. Navy Training Device Center. About the same time, the Training Device 
Center of the U. S. Navy prepared a device called the “Sphereman Craft Positioner,” 
combining the functions of the devices of both McMillen and Hiltner, and providing a 
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plotting surface for dead reckoning. A line of position from a single observation can 
be drawn on the 17-inch aluminum globe, or the triangle of position from the observa- 
tion of three stars can be mechanically set up. Provision is made for advancement or 
retirement of lines due to motion of the craft. The device was intended for training 
purposes. 

Zerbee. In 1951 Louis J. Zerbee, of Bellfontaine, Ohio, proposed a device similar 
to that of Hiltner, but without the billiard ball. His instrument was called the ‘‘Zerbee 
Celestial Fix Finder.” Like the Hiltner device, that of Zerbee makes no provision 
for nonsimultaneous observations (unless one of them is corrected to the value it would 
have if observed simultaneously with the other) or for a check by observation of addi- 
tional bodies. Observations of bodies near the meridian or taken from high latitudes 
cannot be accommodated. 

Combined sextant and computer. At least as early as 1895 an attempt was made 
to combine in a single instrument the functions of sextant and computer. Such instru- 
ments are fundamentally the same as those described above, except that they are set 
by alignment with one or more celestial bodies. If the instrument is level and ac- 
curately aligned with the meridian at the time of observation, the miniature sphere is 
oriented to the celestial sphere and the earth. If both the altitude and azimuth are 
used, a fix can be obtained by means of a single celestial body. If two bodies are ob- 
served simultaneously, accurate directional reference by compass is not needed. 

The weakness of such methods is the need for a stable platform and either accurate 
directional reference or the need for observing two bodies simultaneously. 

Beehler. In 1895 Lieutenant W. H. Beehler, USN, invented an instrument he 
called the ‘“Solarometer,’’ which was designed to furnish a position from observation 
of the sun. It requires a heavy cast iron base rigidly attached to the ship, with a 
bowl set in gimbals and filled with mercury. A float resting on the mercury carries 
the sighting instrument. 

Hagner. In 1936 Fred Hagner, of San Antonio, Tex., invented a similar instru- 
ment he called the ‘“Hagner Position Finder.” This is a portable instrument operating 
on the same principle as the Solarometer, but obtaining the vertical by being hung from 
a suitable support, and therefore acting as a pendulum. This is reminiscent of the 
ancient astrolabe (art. 124). 

Bedell. In 1953 A. L. Bedell, of St. Louis, Mo., proposed an instrument based 
upon simultaneous observation of two celestial bodies. The horizontal would be 
defined by spirit level. 

Zenith photography. A number of suggestions have been made for eliminating 
a miniature sphere and locating the zenith among the stars. Several methods of doing 
this have been proposed, but the usual suggestion is to use a stabilized camera to photo- 
graph a portion of the sky in the vicinity of the zenith, which would be marked by a 
small cross within the camera. Use of a quick-developing method would reduce the 
delay. The position of the craft would be determined by comparison of the developed 
picture with a graduated star chart. Another suggestion is to reverse this process by 
comparing a previously made photograph with the actual sky. 

Automatic celestial navigation. The principal weakness of methods requiring 
stabilization is the high order of accuracy needed. An error of 1’ introduces an error 
of one mile in the position. Such accuracy aboard a moving craft subject to various 
accelerations has been elusive. If stabilization of the required accuracy is available, 
it can be utilized with automatic star trackers to provide automatic celestial navigation. 
Such a system has been proposed. By means of the star trackers, the device would be 
continually oriented to two celestial bodies, and if the device were set for sidereal time, 
latitude and longitude would be indicated continuously on dials. The only setting 
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required would be the shifting from one star to another when the altitude of the first 
one became too low for convenient use of the body. 

What would seem to be the “‘final’’ step in the development of such methods 
would be the scheduling of a voyage or flight in advance and the automatic comparison 
of preset values with automatically observed values, any discrepancy being used to 
actuate controls to change the heading or speed of the craft so that it would be auto- 
matically guided along the prescribed track on a preselected schedule. Several such 
methods, either singly or in combination with inertial or Doppler methods (art. 809), 
have been proposed for use in guided missiles. They could be adapted for use aboard 
ship, but are very expensive. 

2125. Azimuth.—Most of the methods described above provide for determination 
of both altitude and azimuth angle. Several provide only for altitude. The number 
of tables, diagrams, and devices providing solution for azimuth only is very great, 
approaching the number providing solution for both altitude and azimuth. The reason 
for this is that azimuth is needed for other purposes than sight reduction. One common 
use is for checking the compass. Since modern inspection tables have provided parallel 
columns of computed altitude and azimuth or azimuth angle, separate azimuth tables 
have decreased in popularity. 

Azimuth can be determined by computation or by amplitudes (tab. 27, 28), as 
well as by azimuth table. The method of computation depends somewhat upon the 
information available. There are three general approaches: 

Time azimuth is the name given an azimuth or azimuth angle computed with merid- 
ian angle (a function of time), latitude, and polar distance (or declination) as the 
known quantities. Solution can be made by the following formula: 


Z=X+Y, Z=X~/Y, or Z=180°—(X~ Y), 


in which tan X=sin D esc S cot % t 
and tan Y=cos D sec S cot } t. 
Further, D=% [p~(90°—L)] 
and S=% [p+ (90°—L)]. 


If S is less than 90°, use Z2=X+Y if p is greater than (90°—L), or Z=X~Y if p 
is less than (90°—L). 

If S is greater than 90°, use Z2=180°—(X~Y). 

To convert Z to Zn, label Z north or south to agree with the latitude, and east or 
west to agree with the meridian angle. 

Altitude azimuth is an azimuth or azimuth angle computed with altitude, latitude, 
and polar distance as the known quantities. Solution can be made by the formula: 


hav Z=sin (s—L) sin (s—h) sec h sec L, 
in which s=% (h+L-+p). 


Azimuth angle is labeled N or S to agree with the latitude, and E or W as the 
celestial body is east or west of the celestial meridian. 

Time and altitude azimuth is computed with meridian angle, declination, and al- 
titude as the known quantities, the most common formula being 


sin Z—sin t cos d sec h. 
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The weakness of this method is that it does not indicate whether the celestial body 
is north or south of the prime vertical. Usually there is no question on this point, but 
if Z is near 90°, the quadrant may be in doubt. If this occurs, either the meridian 
angle or altitude when on the prime vertical can be determined from table 25 or by 
computation, using the formula 


cos t=tan d cot L 
or sin h=sin d ese L. 


If the altitude is less, or the meridian angle is greater than the value when the body is 
on the prime vertical, the azimuth angle should be labeled N or S to agree with the 
latitude. If h is greater or t is less than when on the prime vertical, Z should be given 
the contrary name (N or S) to that of the latitude. 

Amplitudes. For checking the compass, a low altitude is desirable because it can 
be measured easiest and most accurately. If a celestial body is observed when its 
center is on the celestial horizon, the amplitude (art. 1428) can be taken directly from 
table 27. It is given a prefix E (east) if rising or W (west) if setting. It is given a 
suffix N or S to agree with the declination of the body. When the center of the sun 
is on the celestial horizon, its lower limb is about two-thirds of a diameter above the 
visible horizon. When the center of the moon is on the celestial horizon, its upper 
limb is on the visible horizon. When planets and stars are on the celestial horizon, 
they are a little more than one sun diameter above the visible horizon. 

If the body is observed when its center is on the visible horizon, the observed value 
should be corrected by the value from table 28, using the rules given with the table, 
before comparison with the value taken from table 27. If preferred, the correction 
can be applied with reversed sign to the value taken from table 27 and compared with 
the uncorrected observed value. This is the procedure used if amplitude or azimuth 
is desired when the celestial body is on the visible horizon. 

Ezample.—The DR latitude of a ship is 51°24’6N, at a time when the declination 
of the sun is 19°40/4N. 

Required.—(1) The amplitude (A) when the center of the setting sun is on the 
celestial horizon. 

(2) The amplitude when the center of the setting sun is on the visible horizon. 

(3) The azimuth when the center of the setting sun is on the visible horizon. 

Solution.— 

(1) A W 32°6 N(tab. 27) 

T 28 1°1S (Rev.)—applied to tabulated amplitude 
(2) A W33°7N 
(83) Zn 303°7 


2126. Azimuth tables are numerous. Originally, they were designed primarily 
for use in determining compass error. Since the sun was the celestial body customarily 
used for this purpose, most of the tables were designed with the sun in mind. Meridian 
angle is commonly expressed in terms of local apparent time, in intervals varying from 
about one to 20 minutes. In many of the tables, meridian angle increases upward 
from the bottom of the page. 

The following are some of the principal azimuth tables: 

Wakeley. The first known azimuth tables for use of the navigator were The 
Regiment of the Pole Star by Andrew Wakeley. These tables were part of the author’s 
The Mariner’s Compass Rectified, published in London in 1665. These tables show 
the “true hour of the day” at which the sun is at the various points of the compass. 
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Lynn Azimuth Tables, by Thomas Lynn (art. 2106), were published in 1829. 
This 364-page table gives azimuth angle computed by the haversine formula of article 
2106. 

Towson and Atherton. The Tables to Facilitate the Practice of Great Circle Sailing, 
by the Englishmen John Thomas Towson and J. W. Atherton, were designed primarily 
for great-circle sailing, but since they indicate the course, they were easily adapted to 
finding azimuth angle. They were published in England in 1847. 

Burdwood. The Tables of Sun’s True Bearing or Azimuth, by Staff Commander 
John Burdwood, RN, were first published in 1852, with additional parts being added 
in 1858, 1862, 1864, and 1866. Captain John E. Davis, RN, and Percy L. H. Davis, of 
the British Nautical Almanac Office, later added to the tables, making them complete 
for all values of altitude and for declination between 64°N and 64°S. These tables 
were standard in Great Britain for more than a century. They have now been largely 
replaced by H.D. 486 (H.O. Pub. No. 214) for mariners and A.P. 3270 (H.O. Pub. 
No. 249) for aviators. Burdwood used modifications of the time azimuth formula. 

Labrosse. Azimuth tables by the Frenchman F. Labrosse were published in 
London in 1868, and later in Paris. In 275 pages this Table des Azimuts du Soleil 
covers latitudes from 61°N to 61°S, and declinations from 0° to 30°N or S. The 
following formula was used: 

cot pment gulch deny L cot t. 
sin t 
Fifteen editions had been published by 1920. 

Shortrede. In 1869 Captain Robert Shortrede’s Azimuth and Hour Angle for 
Latitude and Declination and Tables for Finding Azimuth at Sea were published in 
London. 

John E. Davis. The first azimuth tables by Captain John E. Davis were published 
in 1875. These were published as an extension of the Burdwood tables. 

Perrin. In Paris the Nouvelles Tables Destinées 4 Abréger les Calculs Nautiques, 
by Ensign de Vaisseau E. Perrin, French Navy, were published first in 1876. These 
consist of three tables of nine, seven, and six pages, respectively, providing elements for 
determination of azimuth by a short computation. Several editions were published. 

Kortazzi, a Russian, produced a volume appropriately called Modification des 
Tables d’ Azimuth de Thomson (art. 2106). These were published in Paris in 1880. 

H.O. Pub. No. 66 (Schroeder and Wainwright), Arctic Azimuth Tables. Lieu- 
tenants Seaton Schroeder and Richard Wainwright, USN, prepared azimuth tables for 
use of the USS Rodgers in her search for the arctic steamer Jeanette. These were 
published in 1881. Azimuths to the nearest 1’ are given for each 10™ meridian angle 
between 4° and 74, for latitudes between 70° and 88°, declination 0° to 23°, same name. 

Decante. In 1882 Lieutenant de Vaisseau E. Decante, of the French Navy, pre- 
pared Table du Cadran Solaire Azimutal, which was published in 1904, in eight volumes 
for latitudes 1° to 66° and declinations 0° to 48°. 

H.O. Pub. No. 260 (Schroeder and Southerland). The Azimuths of the Sun were 
prepared in 1882 by Lieutenant Seaton Schroeder, USN, and Master W. H. H. Souther- 
land, USN. These are popularly called “Red Azimuth Tables,” because of the red 
binding used for most printings. This designation distinguishes them from the ‘Blue 
Azimuth Tables” (H.O. Pub. No. 261). After 15 editions, these tables are still in use. 
Azimuth angles are given to the nearest 1’, at 10™ intervals of local apparent time 
from “sunrise” to “sunset” (middle of the sun on the celestial horizon), with the LAT 
and the azimuth angle of these phenomena given at the bottom of each column. A 
separate table is given for each 1° of latitude from 0° to 70°. The first part of the 
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book is a table for latitude 0°. The second part is devoted to tables of latitude and 
declination “same name.’”’ The third part gives “contrary name” tables. Declina- 
tion entries are given at 1° intervals from 0° to 23°, with the approximate dates on 
which this is the declination of the sun. Extracts from these tables are given in appendix 
Y. Values are customarily taken by triple interpolation, using the right-hand “pm” 
LAT column as meridian angle, as shown in the following example: 

Example 1.—Find the azimuth of a celestial body when its meridian angle is 
71°24'3 W and its declination is 18°23/2N, if the latitude is 23°16/1N. 


Solution.— 
diff. for diff. corr. for + — 
t 4545™6 W 10™ (+) 48’ 4™4 21’ 
d 18°4N 18 (—) 62’ 0°4 25’ 
L 23°3.N 12 (+) 25’ 0°3 8’ 
tab. 79°13’ sum 29’ 25’ 
corr. serena ee corr. (+) 4’ 
Z N79°17’W 
Zn 280°7 


In the solution, the meridian angle is expressed in time units to the nearest Ol, 
and the declination and latitude in arc to the nearest 0°1. The “diff. for” is the unit 
of the entering argument. The “diff.”’ is the difference in minutes of arc between the 
tabulated value for the nearest values of t, d, and L, and the next value for the a 
or L on the opposite side of the actual value. The “corr. for” is the difference 
between the actual value of t, d, and L and that used for entering the table. The 
correction for each element is found from this tabulation. For instance, the correction 
48’ x 4™4 

10™ 
find Z, labeled N or S to agree with the latitude, and E or W to agree with the meridian 
angle. In entering the table, one should keep in mind that values of t increase upward 
from the bottom of the page. Care should be used in locating meridian angle, for the 
manner of labeling the values can easily be misunderstood. For latitude 0°, Z is 
labeled N or S to agree with declination. Interpolation is made for t and d only, and 
the value converted to Zn. The Zn at latitude 1° is then computed, and interpolation 
for latitude is made between the two values of Zn. 

Blackburne. The New Zealand nautical almanac for 1883 carried the 177-page 
“A and B” azimuth tables, by H. S. Blackburne. By 1911, after several modifications, 
these emerged as ‘A, B, C” Tables for Azimuth, Great Circle Sailing, and Reduction to 
the Meridian. The range of both the latitude and declination is from 90°N to 90°S. 

Lecky. In 1892 Captain S. T. S. Lecky, an Englishman, modified the Blackburne 
tables and produced another set of “A, B, C” tables which have been widely used. 

_ Ebsen. The Azimut-Tabellen of Julius Ebsen, published in Germany in 1896, 
uses the same formula as Labrosse, and is arranged like H.O. Pub. No. 260, except 
that azimuth angles are given to the nearest 0-1, and the time and azimuth angle of 
sunrise and sunset are given at the top of the table, in place of the dates of H.O. Pub. 
No. 260. In two volumes, coverage is for latitudes 72° N to 72°S, and declinations 
0° to 29°. Tables are for same name only, contrary-name situations being handled 
by using the supplement of meridian angle, and using the supplement of the value taken 
from the table, as in H.O. Pub. No. 261. 

Johnson. A Combined Time and Altitude Azimuth Table for latitudes and declina- 
tions from 0° to 80°, by A. C. Johnson of the British Royal Navy, was published in 
London in 1900. In the same year, his Short, Accurate, and Comprehensive Altitude- 


for t is =21'. The total net correction is applied to the tabulated value to 
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Azimuth Tables were published. This publication consists of three tables for computa- 
tion of azimuth for each degree of latitude and altitude from 0° to 75°, and each degree 
of declination from 30°N to 30°S. 

Zhdanko. The Russian Tables of Azimuth of the Sun, by M. Zhdanko, published 
in 1900, supplied computed azimuth angles for latitudes between 61° and 75°. These 
were later expanded by Yustchenko. 

Percy L. H. Davis. In 1900 Percy L. H. Davis took over the work previously 
done by Burdwood and John E. Davis, continuing to-improve and extend the tables. 

H.O. Pub. No. 261, Azimuths of Celestial Bodies, published by the U. 8S. Navy 
Hydrographic Office in 1902, extend the H.O. Pub. No. 260 tables by providing informa- 
tion in similar form (but with meridian angle increasing downward on the page) for dec- 
linations 24° to 70°. These are popularly called “Blue Azimuth Tables,” from their 
blue binding. Tables for ‘same name”’ only are given. If latitude and declination 
are of contrary name, the tables are entered with the supplement of the meridian 
angle. The value taken from the table is then the supplement of the azimuth angle, 
which is labeled N or S to agree with the latitude and E or W to agree with the meridian 
angle. Extracts from H.O. Pub. No. 261 are given in appendix Z. 

Example 2.—Find the azimuth of a celestial body when its meridian angle is 
49°31'6E and its declination is 57°41/4N, if the latitude is 51°25/5S. 


Solution.— 
t 3°18"1E diff. for diff. corr. for fe _ 
180°—t 854179 10™ (—) 75’ 179 Wey 
d 57°97 N he (+) 36’ 0°3 ve 
L 51°48 y AS (+) 14’ 0°4 6’ 
tab. 26°57’ sum 17’ 14’ 
corr. (+) 3’ corr. (+) 3’ 


180°—Z 27°00’ 
Z 8S 153°00’E 
Zn 027°0 


One step can be eliminated by considering the corrected value Z instead of 180°—Z, 
and labeling it N or S to agree with the declination. In this example the body is below 
the horizon, showing that a solution is no assurance that a body is visible. 

Symonds. The Nautical Astronomy, with New Tables, by W. P. Symonds, British 
Survey Commissioner, Bombay, includes azimuth tables. It was published in 1912. 

Goodwin. An Equatorial Azimuth-Table, by H. B. Goodwin, was published in 1921. 

Purey-Cust. Azimuth by Logs, by Admiral Sir H. E. Purey-Cust, RN, was pub- 
lished in England in 1929. It consists of a three-page table of the logarithms of the 
six principal trigonometric functions at 10’ intervals (5’ below 10°) for solution of the 
time azimuth and altitude azimuth formulas. 

Yustchenko. In 1935 A. Yustchenko, a Russian, extended the Zhdanko tables 
to all latitudes, in the work entitled Azimuty Svetil (Azimuths of Celestial Bodies). 
For each 10° of latitude (5°, 15°, 25°, etc., to 85°) complete azimuth tables (to the 
nearest 0°1) are given for each 1™ of meridian angle and each 30’ of declination from 0° 
to 30°. At the bottom of each page are given corrections for 1° of latitude. This value 
is multiplied by the number of degrees between the actual latitude and the latitude 
for which the table was computed. ’ 

Cugle. Cugle’s Two-Minute Azimuths, by Charles H. Cugle, were printed in 
1935 in two large volumes. Coverage is for latitude 0° to 65° and declination 0° to 
93°, The arrangement is almost identical with that of H.O. Pub. No. 260, except that 
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meridian angle increases downward on the page. The number of entries is multiplied 
by five, values being given for each 2™ of meridian angle. 

Table 902. Azimuts, published in Paris in 1953, with the concurrence of the 
Marine Hydrographic Service, contains azimuth angles to the nearest 0°1 for each 
whole degree of latitude from 70° N to 70° S, each whole degree of declination from 0° 
to 30°, and each 10™ of meridian angle. The arrangement is similar to that of H.O. 
Pub. No. 260, except that meridian angle increases downward on the page. 

2127. Azimuth diagrams have appeared in various forms, in addition to the 
general graphical and mechanical solutions discussed above. A graphical solution is 
generally more acceptable for azimuth than for altitude, because the accuracy require- 
ment for azimuth is usually less. 

Godfrey. A graphical solution has been available at least since 1858 when the 
Time Azimuth Diagram of Hugh Godfrey was published in London. 

Weir. The Azimuth Diagram devised by Captain Patrick Weir, of the British 
Merchant Navy, was published in London in 1890, and by the U. S. Navy Hydro- 
graphic Office in 1891, under the title Time Azimuth Diagram. 

Molfino. In 1901 the Nomograma degli Azimut del Sole of Molfino was published. 

Constan. In 1906 P. Constan’s Tables Graphiques d’ Azimut were published in 
Paris. This was a reproduction of the graph of Favé and Rollet de l’Isle (art. 2120). 

Alessio. The Diagrammi Altazimutali of A. Alessio was published in 1908 in 
Italy. 

Rust. In 1908 the diagram of Lieutenant Commander Armistead Rust, USN, 
(art. 2106) was published. This diagram was later used by Goodwin (art. 2106) 
and Weems (arts. 2106 and 2110), and in the Italian Tavole H (art. 2110). 

Cornet. The Graphique d’Azimut of Cornet was published in 1927. 

Romanovsky. About 1933 A. A. Romanovsky, a Russian, devised a simple nomo- 
gram for determining azimuth. 

German Oberkommandos der Kriegsmarine. A large volume called Azimut- 
diagramme, containing sets of diagrams for each whole degree of latitude (2° beyond 80°) 
for all azimuth angles and for all altitudes to 80°, was published by the German 
Oberkommandos der Kriegsmarine in 1944. 

Hugon. The azimuth diagram of Professor P. Hugon (art. 2109) was published 
in 1947. 

Hilsenrath. About 1948 Joseph Hilsenrath, of the University of Maryland, pro- 
duced a mechanical device for solving azimuth angle by the method of Weir’s diagram. 

2128. Summary.—The methods of sight reduction discussed in this chapter 
are undoubtedly only a small fraction of the number of methods that have been pro- 
posed. They are considered representative of the effort that has been made to reduce 
the work of the navigator. Individual preferences have largely dictated the use of 
the various methods. Presentation and description of a method have been important 
factors in the relative popularity of various methods. 

There is no single “best” method for all circumstances and all navigators. The 
one which produces the desired results easiest and with least possibility of mistake is 
the one that should be selected. However, two practical precautions should be observed. 
First, one should be thoroughly familiar with the limitations or weaknesses of the method 
he selects. Second, a prudent navigator will never limit himself to a single method, 
particularly one requiring a special table that might some day be unavailable, or a 
device that is subject to mechanical damage or loss. The slight bending of an arc 
might be too insignificant to be noticed, yet might introduce intolerably large errors in 
the result. A wise practice is to memorize, or write on something always carried, 
fundamental formulas that can be used when no “special” tables are available. 
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Problems 


2103a. At GMT 10°25™22° on June 1, 1958, the navigator observes the lower 
limb of the sun on the celestial meridian, bearing south. He makes the observation 
with a marine sextant having no IC, from a height of eye of 50 feet. The hs is 41°58/7. 

Required —The latitude by meridian altitude. 

Answer.—L 69°54! 1N. 

2103b. At GMT 14'15™21° on June 1, 1958, the sun is estimated to be on the 
upper branch of the celestial meridian. At this time the sun is obscured by clouds, 
but several minutes later it breaks out, and at GMT 14°24™228 the navigator observes 
the lower limb, facing in a northerly direction. He makes the observation with a 
marine sextant having an IC of (—)2‘5, from a height of eye of 33 feet. The hs is 
70°46/9. The approximate latitude is 3° N. 

Required.—(1) The latitude by reduction to the meridian. (2) The latitude if 
the navigator learns that his ship was 1/2 of longitude farther west than assumed for 
computation of the time of meridian transit, and the azimuth angle at the time of ob- 
servation wasN 6°0W. Use table 26. 

Answers.—(1) L 3°04/1N, (2) L 3°04‘0N. 

2103c. On June 1, 1958, the 1225 DR position of a ship is lat. 40°45'7N, long. 
142°01/9W. At GMT 21°25™36° the navigator observes the lower limb of the sun with 
a marine sextant having an IC of (+) 3/3, from a height of eye of 29 feet. The hs is 
71°06‘8. 

Required.—(1) The a, Zn, and AP, using H.O. Pub. No. 214 (Ad, At, AL, and 
interpolating for Z) and the Nautical Almanac. 

(2) The approximate latitude at the time of observation. 

Answers.—(1) a 1.8T, Zn 179°8, aL 40°45'7N, ad 142°01'9 W; (2) L 40°43‘9N. 

2104a. Find the watch time of meridian transit of the sun at longitude 68°08'4E 
on June 1, 1958, if the watch is 27° fast on zone time. 

Answer.—W 12°25™31°. 

2104b. Find the zone time of meridian transit of the moon at longitude 166°23'2E 
on June 13, 1958, using the Nautical Almanac, GHA method. 

Answer.—ZT 825428. 

2104c. Find the GMT of meridian transit of Nunki at longitude 157°52'2 W 
on June 1, 1958, using the Air Almanac. 

Answer.—GMT 12"46™11°. 

2104d. On June 1, 1958, the 1200 DR position of a ship is lat. 57°21‘9 N, long. 
21°53/2W. The ship is on course 065°, speed 22 knots. Find the zone time of meridian 
transit of the sun at the ship. 

Answer.—ZT 12°24™10°. 

2104e. Find the zone time of transit of the sun at longitude 47°23'4 E on June 2, 
1958, using apparent time and the Nautical Almanac. 

Answer.—ZT 11°48™13°. 

2105. During evening twilight on May 31, 1958, the 2325 EP of a ship is lat. 
58°38/4 N, long. 165°34/3 W. At watch time 11°25"01° pm the navigator observes 
Polaris with a marine sextant having no IC, from a height of eye of 42 feet. The 
watch is 6° fast on zone time. The hs is 57°54/4. 

Required.—(1) The latitude, (2) the azimuth of Polaris. 

Answers.—(1) L 58°35'6 N, (2) Zn 001°0. 

2106. On June 2, 1958, the 0725 EP of a ship is lat. 7°31°2 S, long. 22°35'7 W. 
At GMT 9°24™42° the navigator observes the lower limb of the sun with a marine sextant 
having an IC of (+) 2/0, from a height of eye of 47 feet. The hs is 23°15°0. 

Required.—(1) The longitude by time sight. 
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(2) The longitude if the navigator learns that his ship was 2.1 miles farther north 
than assumed for computation, and the azimuth at the time of observation was 062°0. 
Use table 26. 

Answers.—(1) \ 22°38/1 W, (2) A 22°39'2 W. 

2107a. Determine (1) the approximate zone time, and (2) the approximate altitude 
of the sun at its nearest approach to the prime vertical during the morning of June 1, 
1958, at lat. 12°14/7 N, long. 35°16/1 W, using table 25 and the Nautical Almanac. 

Answers.—(1) ZT 0826, (2) h 33°7. 

2107b. Determine (1) the approximate zone time, and (2) the approximate altitude 
of the sun when it crosses the prime vertical during the afternoon of May 31, 1958, 
at lat. 41°17/2 N, long. 154°37/4 W, using H.O. Pub. No. 214 and the Nautical Almanac. 

Answers.—(1) ZT 1625, (2) h 34°8. 

2109. The dead reckoning latitude of a vessel is 10°23'8S. The navigator 
observes a star having a declination of 28°51‘5 N and a meridian angle of 27°17/4 E. 
He notes that it is in the northeast quadrant of the sky. 

Required—The (1) He by cosine-haversine formula and (2) azimuth by the 
formula sin Z=sin t cos d sec h. 

Answers.—(1) He 42°43/4, (2) 033°1. 

2113a. During evening twilight on June 1, 1958, the 1740 DR position of a ship 
is lat. 41°28'5S, long. 82°17'6 W. At ZT 17°41™08* the navigator observes Rigel 
Kent. with a marine sextant having an IC of (—)1/2, from a height of eye of 55 feet. 
The hs is 44°05/2. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 249, vol. I (epoch 1960.0), and 
the Air Almanac. 

Answers.—a 13T, Zn 140°, aL 41°00’S, ad 82°11’ W. 

2113b. During morning twilight on June 2, 1958, the DR position of a ship is 
lat. 41°08'2 N, long. 5°11‘5E. At GMT 3545™11® the navigator observes Fomalhaut 
with a marine sextant having an IC of (+)0/8, from a height of eye of 49 feet. The 
hs is 13°13/7. 

Required.—The a, Zn, and AP, using H.O. Pub. No. 249, vol. III, and the Air 
Almanac. 

Answers.—a 10A, Zn 152°, aL 41°00’ N, ad 5°27’ E. 

2125. The DR latitude of a ship is 15°11/3S when the declination of the sun is 
18°36/5 N. 

Required.—(1) The amplitude (A) when the center of the rising sun is on the 
celestial horizon. 

(2) The amplitude and azimuth when the center of the rising sun is on the visible 
horizon. 

Answers.—(1) A E 19°3 N; (2) A E 19°91 N, Zn 070°9. 

2126a. The dead reckoning latitude of a vessel is 23°53/6S. The navigator 
observes a celestial body having a declination of 20°26/2S and a meridian angle of 
18°37'4 EK. 

Required.—Azimuth by H.O. Pub. No. 260. 

Answer.—Zn 082°2. 

2126b. The dead reckoning latitude of a vessel is 51°46/5N. The navigator 
observes a celestial body having a declination of 49°42'7N and a meridian angle of 
115°37/2 W. 

Required. Azimuth by H.O. Pub. No. 261. 

Answer.—Zn 319°9. 


CHAPTER XXII 
IDENTIFICATION OF CELESTIAL BODIES 


2201. Introduction.—A basic requirement of celestial navigation is the ability 
to identify the bodies observed. This is not difficult because relatively few celestial 
bodies are commonly used for navigation, and various aids are available to assist in 
their identification, as explained in this chapter. 

Many navigators consider it a matter of professional pride to have a more extensive 
acquaintance with the heavens than required by the relatively simple demands of 
navigation. 

2202. Bodies of the solar system.—No problem is encountered in the identification 
of the sun and moon. However, the planets can be mistaken for stars. A person 
working continually with the night sky recognizes a planet by its changing position 
among the relatively fixed stars. He identifies the planets by noting their positions 
relative to each other, the sun, the moon, and the stars. He knows that they remain 
within the narrow limits of the zodiac (art. 1420) but are in almost constant motion 
relative to the stars. The magnitude and color may be helpful. The information he 
needs is found in the Nautical Almanac. The ‘Planet Notes’ near the front of that 
volume are particularly useful. 

Sometimes the light from a planet seems steadier than that from a star. This 
is because fluctuation of the unsteady atmosphere causes scintillation or twinkling of 
a star, which has no measurable diameter with even the most powerful telescopes. 
The navigational planets are less susceptible to twinkling because of the broader 
apparent area giving light. 

Planets can also be identified by the Air Almanac ecliptic diagram (art. 2209), star 
finder (art. 2210), sky diagram (art. 2212), or by computation (art. 2213). 

2203. Stars.—The average navigator regularly uses not more than perhaps 20 
or 30 stars. The Nautical Almanac gives full navigational information on 19 first 
magnitude stars and 38 second magnitude stars, in addition to Polaris. Abbreviated 
information is given for 115 more. Additional stars are listed in The American Ephem- 
eris and Nautical Almanac and in various star catalogs. About 6,000 stars of the sixth 
magnitude or brighter (on the entire celestial sphere) are visible to the unaided eye on 
a clear, dark night. 

Stars are designated by one or more of the following: 

Name. Most names of stars, as now used, were given by the ancient Arabs and 
some by the Greeks or Romans. One of the stars of the Nautical Almanac, Nunki, 
was named by the Babylonians. Only arelatively few stars have names. Several of the 
stars on the daily pages of the almanacs had no name prior to the 1953 edition, and were 
given coined names so that all stars listed on the daily pages might have names. The 
pronunciation, meaning, and other information of general interest regarding Polaris 
and the 57 stars listed on the daily pages of the Nautical Almanac are given in 
appendix H. 

Bayer’s name. Most bright stars, including those with names, have been given 
a designation consisting of a Greek letter followed by the possessive form of the name 
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of the constellation, as a Cygni (Deneb, the brightest star in the constellation Cygnus, 
the swan). Roman letters are used when there are not enough Greek letters. Usually, 
the letters are assigned in order of brightness within the constellation, but in some cases 
the letters are assigned in another order, where it seems logical to do so. ~An example 
is the big dipper, where the letters are assigned in order from the outer rim of the bowl 
to the end of the handle. This system of star designation was suggested by John Bayer 
of Augsburg, Germany, in 1603. All of the 173 stars included in the list near the back of 
the Nautical Almanac are given by Bayer’s name as well as regular name, where there 
is one. 

Flamsteed’s number. A similar system, accommodating more stars, numbers 
them in each constellation, from west to east, the order in which they cross the celestial 
meridian. An example is 95 Leonis, the 95th star in the constellation Leo, the lion. 
This system was suggested by John Flamsteed (1646-1719), who was the first British 
Astronomer Royal. 

Catalog number. Stars are sometimes designated by the name of a star catalog 
and the number of the star as given in that catalog, as A. G. Washington 632. In 
these catalogs stars are listed in order from west to east, without regard to constellation, 
starting with the hour circle of the vernal equinox. This system is used primarily for 
dimmer stars having no other designation. Navigators seldom have occasion to use 
this system. 

The ability to identify stars by position relative to each other is useful to the 
navigator. A tabulation of the relative positions of the 57 stars given on the daily 
pages of the Nautical Almanac, and Polaris, is given in appendix G. A star chart 
(art. 2204) is helpful in locating these relationships and others which may be useful. 
This method is limited to periods of relatively clear, dark skies with little or no overcast. 
Stars can also be identified by the Air Almanac ecliptic diagram (art. 2209), star finder 
(art. 2210), H.O. Pub. No. 249 (art. 2211), sky diagram (art. 2212), or by computation 
(art. 2213). 

2204. Star charts are based upon the celestial equator system of coordinates, 
using declination and sidereal hour angle (or right ascension). The zenith of the ob- 
server is at the intersection of the parallel of declination equal to his latitude, and the 
hour circle coinciding with his celestial meridian. This hour circle has an SHA equal 
to 360°—LHAT (or RA=LHAY). The horizon is everywhere 90° from the zenith. 
A star globe is similar to a terrestrial sphere, but with stars (and often constellations) 
shown instead of geographical positions. Star globes are used by British navigators, 
but not customarily by Americans. The combined Nautical Almanac includes instruc- 
tions for using this device. On a star globe the celestial sphere is shown as it would 
appear to an observer outside the sphere. Constellations appear reversed. Star 
charts may show a similar view, but more often they are based upon the view from 
wmside the sphere, as seen from the earth. On these charts, north is at the top, as with 
maps, but east is to the left and west to the right. The directions seem correct when the 
chart is held overhead, with the top toward the north, so that the relationship is similar 
to that in the sky. Any map projection (ch. III) can be used, but some are more 
suitable than others. 

The Nautical Almanac has four star charts. The two principal ones are on the 
polar azimuthal equidistant projection (art. 320), one centered on each celestial pole. 
Each chart extends from its pole to declination 10° (same name as pole). Below each 
polar chart is an auxiliary chart on the Mercator projection, from 30° N to 30° S. 
On any of these charts, the zenith can be located as indicated above, to determine which 
stars are overhead. The horizon is 90° from the zenith. The charts can also be used 
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to determine the location of a star relative to surrounding stars. The Air Almanac 
has a fold-in chart at the back, on the rectangular projection (art. 311). This projec- 
tion is suitable for indicating the coordinates of the stars, but excessive distortion 
occurs in regions of high declination. The celestial poles are represented by the top 
and bottom horizontal lines the same length as the celestial equator. To locate the 
horizon on this chart, first locate the zenith as indicated above, and then locate the 
four cardinal points. The north and south points are 90° from the zenith, along the 
celestial meridian. The distance to the elevated pole (having the same name as the 
latitude) is equal to the colatitude of the observer. The remainder of the 90° (the 
latitude) is measured from the same pole, along the lower branch of the celestial meridian, 
180° from the upper branch containing the zenith. The east and west points are on 
the celestial equator at the hour circle 90° east and west (or 90° and 270° in the same 
direction) from the celestial meridian. The horizon is a sine curve (fig. 040b) through 
the four cardinal points. Directions on this projection are distorted. 

The star charts shown in figures 2205-2208, on the transverse Mercator projection 
(art. 309), are designed to assist one in learning the stars listed on the daily pages of the 
Nautical Almanac, and Polaris. Each chart extends about 20° beyond each celestial 
pole, and about 60° (four hours) each side of the central hour circle (at the celestial 
equator). Therefore, they do not coincide exactly with that half of the celestial sphere 
above the horizon at any one time or place. The zenith, and hence the horizon, varies 
with the position of the observer on the earth, and also with the rotation of the earth 
(apparent rotation of the celestial sphere). The charts show all stars of fifth magnitude 
and brighter as they appear in the sky, but with some distortion toward the right and 
left edges. 

The transparencies add certain information of use in locating the stars. Only 
Polaris and the 57 stars listed on the daily pages of the Nautical Almanac are named on 
the charts. The almanac star charts should be used for locating the additional stars 
given near the back of the Nautical Almanac. When a transparency is correctly 
placed over its accompanying chart, the information given is properly oriented to the 
chart. The broken lines connect stars of some of the more prominent constellations. 
The solid lines indicate the celestial equator and certain useful relationships among 
stars in different constellations. The celestial poles are marked by crosses, and labeled. 
By means of the celestial equator and the poles, one can locate his zenith approximately 
along the mid hour circle, when this coincides with his celestial meridian, as shown in the 
table below. At any time earlier than those shown in the table the zenith is to the 
right of center, and at a later time it is to the left, approximately one-quarter of the 
distance from the center to the outer edge (at the celestial equator) for each hour that 
the time differs from that shown. The stars in the vicinity of the north pole can be 
seen in proper perspective by inverting the chart, so that the zenith of an observer in 
the northern hemisphere is wp from the pole. 


Fig. 2205 Fig. 2206 Fig. 2207 Fig. 2208 


Local sidereal time 0000 0600 1200 1800 

LMT 1800 Dec. 21 Mar. 22 June 22 Sept. 21 
LMT 2000 Nov. 21 Feb. 20 May 22 Aug. 21 
LMT 2200 Oct. 21 Jan. 20 Apr. 22 July 22 
LMT 0000 Sept.22 Dec. 22 Mar. 23 June 22 
LMT 0200 Aug. 22 Nov.22 Feb. 21 May 23 
LMT 0400 July 23 Oct. 22 Jan. 21 Apr. 22 


LMT 0600 June 22 Sept.21 Dec. 22 Mar. 23 
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2205. Stars in the vicinity of Pegasus (fig. 2205).—In autumn the evening sky has 
few first magnitude stars. Most of these are near the southern horizon of an observer 
in the latitudes of the United States. A relatively large number of second and third 
magnitude stars seem conspicuous, perhaps because of the small number of brighter 
stars. High in the southern sky three third magnitude stars and one second magnitude 
star form a square with sides nearly 15° of arc in length: This is Pegasus, the winged 
horse, although to many modern men it more nearly resembles a baseball diamond, 
complete with catcher, pitcher, batter, umpire, base umpire near second base, infield 
and outfield; although there does seem to be a large number of outfielders. One may 
even see the next batter, bat boy, and coach. 

Only Markab at the southwestern corner (third base) and Alpheratz at the north- 
eastern corner (first base) are listed on the daily pages of the Nautical Almanac. A\|- 
pheratz is part of the constellation Andromeda, the princess, extending in an are toward 
the northeast and terminating at Mirfak in Perseus, legendary rescuer of Andromeda. 

A line extending northward through the eastern side (first-second base line) of the 
square of Pegasus passes through the leading (western) star of M-shaped (or W-shaped) 
Cassiopeia, the legendary mother of the princess Andromeda. The only star of this 
constellation listed on the daily pages of the Nautical Almanac is Schedar, the second 
star from the leading one as the configuration circles the pole in a counterclockwise 
direction. If the line through the eastern side of the square of Pegasus is continued 
on toward the north, it leads to second magnitude Polaris, the north star (less than 1° 
from the north celestial pole) and brightest star of Ursa Minor, the little bear. Kochab, 
a second magnitude star at the other end of the little dipper, is also listed in the alma- 
nacs. At this season the big dipper is low in the northern sky, below the celestial pole. 
A line extending from Kochab through Polaris leads to Mirfak, assisting in its identi- 
fication when Pegasus and Andromeda are near or below the horizon. 

Deneb, in Cygnus, the swan, and Vega are bright, first magnitude stars in the 
northwestern sky. They are discussed in article 2208. Capella, a bright star in the 
northeastern sky, is discussed in article 2206. 

The line through the eastern side of the square of Pegasus (first-second base line) 
approximates the hour circle of the vernal equinox, shown at T on the celestial equator 
to the south. The sun is at YT on or about March 21, when it crosses the celestial 
equator from south to north. If the line through the eastern side of Pegasus is extended 
southward and curved slightly toward the east, it leads to second magnitude Diphda. 
A longer and straighter line southward through the western side (home plate-third base 
line) of Pegasus leads to first magnitude Fomalhaut. A line extending northeasterly 
from Fomalhaut through Diphda leads to Menkar, a third magnitude star, but the 
brightest in its vicinity. Ankaa, Diphda, and Fomalhaut form an isosceles triangle, 
with the apex at Diphda. Ankaa is near or below the southern horizon of ob- 
servers in latitudes of the United States. Four stars farther south than Ankaa may be 
visible when on the celestial meridian, just above the horizon of observers in latitudes of 
the extreme southern part of the United States. These are Acamar, Achernar, Al Na’ir, 
and Peacock. These stars, with each other and with Ankaa, Fomalhaut, and Diphda, 
form a series of triangles as shown in figure 2205. Almanac stars near the bottom of 
figure 2205 are discussed in succeeding articles. 

Two other almanac stars can be located by their positions relative to Pegasus. 
These are Hamal in the constellation Aries, the ram, east of Pegasus, and Enif, west 
of the southern part of the square, identified as shown in figure 2205. The line leading 
to Hamal, if continued, leads to the Pleiades, not used by navigators for celestial ob- 
servations, but a prominent figure in the sky, heralding the approach of the many 
conspicuous stars of the winter evening sky, figure 2206. 
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2206. Stars in the vicinity of Orion (fig. 2206).—As Pegasus leaves the meridian 
and moves into the western sky, Orion, the mighty hunter, rises in the east. With 
the possible exception of the big dipper, no other configuration of stars in the entire 
sky is as well known as Orion and its immediate surroundings. In no other part are 
there so many first magnitude stars. 

The belt of Orion, being nearly on the celestial equator, is visible by an observer 
in virtually any latitude, rising and setting almost on the prime vertical, and dividing 
equally its time above and below the horizon. Of the three second magnitude stars 
forming the belt, only Alnilam, the middle one, is listed on the daily pages of the Nautical 
Almanac. 

Four conspicuous stars form a box around the belt. To the south is Rigel, one 
of the hottest and bluest of the stars, in contrast with relatively cool, red, variable 
Betelgeuse, at approximately an equal distance to the north. Bellatrix, bright for a 
second magnitude star but overshadowed by its more brilliant neighbors, is a few 
degrees west of Betelgeuse. Neither the second magnitude star forming the south- 
eastern corner of the box, nor any star of the dagger, is listed on the daily pages of 
the Nautical Almanac. 

A line extending eastward from the belt of Orion and curving toward the south 
leads to Sirius, the brightest star in the entire heavens, having a magnitude of (—) 
1.6. Only Mars and Jupiter at or near their greatest brilliance, and the sun, moon, 
and Venus are brighter than Sirius. This is part of the constellation Canis Major, 
the large hunting dog of Orion. Starting at Sirius a curved line extends northward 
through first magnitude Procyon, in Canis Minor, the small hunting dog; first magnitude 
Pollux and second magnitude Castor (not listed on the daily pages of the Nautical 
Almanac), the twins of Gemini; brilliant Capella in Auriga, the charioteer ; and back 
down to first magnitude Aldebaran, the follower, which trails the Pleiades, the seven 
sisters. Aldebaran, brightest star in the head of Taurus, the bull, may also be found 
by a curved line extending northwestward from the belt of Orion. The V-shaped 
figure forming the outline of the head and horns of Taurus points toward 
third magnitude Menkar. At the summer solstice the sun is between Pollux and 
Aldebaran. 

If the curved line from Orion’s belt southeastward to Sirius is continued, it leads 
to a conspicuous, small, nearly equilateral triangle of three bright second magnitude 
stars of nearly equal brilliancy. This is part of Canis Major. Only Adhara, the 
westernmost of the three stars, is listed on the daily pages of the Nautical Almanac. 
Continuing on with somewhat less curvature, the line leads to Canopus, second brightest 
star in the heavens and one of the two stars having a negative magnitude (= 0:9) eV ats 
Suhail and Miaplacidus, Canopus forms a large, equilateral triangle which partly en- 
closes the false southern cross. The brightest star within this triangle is Avior, near 
its center. Canopus is also at one apex of a triangle formed with Adhara to the north 
and Suhail to the east, another triangle with Acamar to the west and Achernar to the 
southwest, and another with Achernar and Miaplacidus. Acamar, Achernar, and 
Ankaa form still another triangle toward the west. Because of chart distortion, these 
triangles do not appear in the sky in exactly the relationship shown on the star chart. 
Other daily-page almanac stars near the bottom of figure 2206 are discussed in succeeding 
articles. 

During the winter evening sky the big dipper is east of Polaris, the little dipper is 
nearly below it, and Cassiopeia is west of it. Mirfak is northwest of Capella, nearly 
midway between it and Cassiopeia. Hamal is in the western sky. Regulus and Alphard 
are low in the eastern sky, heralding the approach of the configurations associated with 
the evening skies of spring. 
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Ficure 2206.—Stars in the vicinity of Orion. 
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2207. Stars in the vicinity of Ursa Major (fig. 2207).—Asif to enhance the splendor 
of the sky in the vicinity of Orion, the region toward the east, like that toward the west, 
has few bright stars, except in the vicinity of the south celestial pole. However, as 
Orion sets in the west, leaving Capella and Pollux in the northwestern sky, a number of 
good navigational stars move into favorable positions for observation. 

The big dipper, part of Ursa Major, the great bear, appears prominently above 
the north celestial pole, directly opposite Cassiopeia (only partly shown in fig. 2207), 
which appears as a W just above the northern horizon of most observers in latitudes of 
the United States. Of the seven stars forming the big dipper, only Dubhe, Alioth, and 
Alkaid are listed on the daily pages of the Nautical Almanac. 

The two second magnitude stars forming the outer part of the bowl of the big 
dipper are often called the pointers because a line extending northward (down in spring 
evenings) through them points to Polaris. The little dipper, with Polaris at one end and 
Kochab at the other, is part of Ursa Minor, the little bear. Relative to its bowl, the 
handle of the little dipper curves in the opposite direction to that of the big dipper. 
Other almanac stars near the top of figure 2207 are discussed elsewhere. 

A line extending southward through the pointers, and curving somewhat toward 
the west, leads to first magnitude Regulus, brightest star in Leo, the lion. The head, 
shoulders, and front legs of this constellation form a sickle, with Regulus at the end 
of the handle. Toward the east is second magnitude Denebola, the tail of the lion. 
On toward the southwest from Regulus is second magnitude Alphard, brightest star 
in Hydra, the sea serpent. A dark sky and considerable imagination are needed to 
trace the long, winding body of this figure. 

A curved line extending the arc of the handle of the big dipper leads to first mag- 
nitude Arcturus. With Alkaid and Alphecca, brightest star in Corona Borealis, the 
northern crown, Arcturus forms a large, inconspicuous triangle. If the arc through 
Arcturus is continued, it leads next to first magnitude Spica and then to Corvus, the 
crow, which appears most like a gaff mainsail of a schooner. The brightest star in this 
constellation is Gienah, but three others are nearly as bright. At autumnal equinox 
the sun is on the celestial equator, about midway between Regulus and Spica. 

A long, slightly curved line from Regulus east-southeasterly through Spica leads to 
Zubenelgenubi (z60-bén’él-jé-nii’bé) at the southwestern corner of an inconspicuous 
box-like figure called Libra, the (weighing) scales. 

Returning to Corvus, a line from Gienah, extending diagonally across the figure 
and then curving somewhat toward the east, leads to Menkent, just beyond Hydra. 

Far to the south, below the horizon of most northern-hemisphere observers, a 
group of bright stars is a prominent feature of the spring sky of the southern hemisphere. 
Cruz, the southern cross, is about 40° south of Corvus. This is a small figure and a poor 
cross, and hence disappointing to many who view it for the first time. The “false cross” 
to the west is a better but less conspicuous cross. Acrux at the southern end of the 
southern cross, and Gacrux at the northern end, are listed on the daily pages of the 
Nautical Almanac. 

The triangles formed by Suhail, Miaplacidus, and Canopus, and by Suhail, Adhara, 
and Canopus, are west of the southern cross, Suhail being in line with the horizontal 
arm of the southern cross at this time. <A line from Canopus, through Miaplacidus, 
curved slightly toward the north, leads to Acrux. A line through the east-west arm 
of Cruz, eastward and then curving toward the south, leads first to Hadar and then to 
Rigil Kentaurus, two very bright stars. Continuing on, the curved line leads to small 
Triangulum Australe, the southern triangle, the easternmost star of which is Atria. 

Scorpius, the scorpion, Kaus Australis, and Peacock, in the southeastern sky of 
the southern hemisphere, are discussed in article 2208. 
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2208. Stars in the vicinity of Cygnus (fig. 2208).—As the celestial sphere continues 
in its apparent westward rotation, the stars familiar to a spring evening observer sink 
low in the western sky. By midsummer the big dipper has moved to a position to the 
left of the north celestial pole, and the line from the pointers to Polaris is nearly hori- 
zontal. ‘The little dipper is standing on its handle, with Kochab above and to the left 
of the celestial pole. Cassiopeia is at the right of Polaris, opposite the handle of the 
big dipper. 

The only first magnitude star in the western sky is Arcturus, which forms a large, 
inconspicuous triangle with Alkaid, the end of the handle of the big dipper, and 
Alphecca, the brightest star in Corona Borealis, the northern crown. 

The eastern sky is dominated by three very bright stars. The westernmost of 
these is Vega, the brightest star north of the celestial equator, and third brightest 
star in the heavens. Its magnitude is 0.1. Having a declination of a little less than 
39°N, this star passes through the zenith along a path across the central part of the 
United States, from Washington in the east to San Francisco on the Pacific coast. 
Vega forms a large but conspicuous triangle with its two bright neighbors, Deneb to 
the northeast and Altair to the southeast. The angle at Vega is nearly a right angle. 
Deneb is at the end of the tail of Cygnus, the swan. This configuration is sometimes 
called the northern cross, with Deneb at the head. To modern youth it more nearly 
resembles a dive bomber while it is still well toward the east, with Deneb at the nose 
of the fuselage. Altair has two fainter stars close by, on opposite sides. The line 
formed by Altair and its two fainter companions, if extended in a northwesterly direc- 
tion, passes through Vega, and on to second magnitude Eltanin. The angular dis- 
tance from Vega to Eltanin is about half that from Altair to Vega. Vega and Altair, 
with second magnitude Rasalhague to the west, form a large equilateral triangle. 
This is less conspicuous than the Vega-Deneb-Altair triangle because the brilliance 
of Rasalhague is much less than that of the three first magnitude stars, and the triangle 
is overshadowed by the brighter one. 

Far to the south of Rasalhague, and a little toward the west, is a striking con- 
figuration called Scorpius, the scorpion. The brightest star, forming the head, is red 
Antares. At the tail is Shaula. 

Antares is at the southwestern corner of an approximate parallelogram formed by 
Antares, Sabik, Nunki, and Kaus Australis. With the exception of Antares, these 
stars are only slightly brighter than a number of others nearby, and so this parallelogram 
is not a striking figure. At winter solstice the sun is a short distance northwest of 
Nunki. 

Northwest of Scorpius is the box-like Libra, the (weighing) scales, in which 
Zubenelgenubi marks the southwest corner. 

With Menkent and Rigil Kentaurus to the southwest, Antares forms a large but 
unimpressive triangle. For most observers in the latitudes of the United States, 
Antares is low in the southern sky, and the other two stars of the triangle are below 
the horizon. To an observer in the southern hemisphere Cruz, the southern cross, is 
to the right of the south celestial pole, which is not marked by a conspicuous star. A 
long, curved line starting with the now-vertical arm of the southern cross and extending 
northward and then eastward passes successively through Hadar, Rigil Kentaurus, 
Peacock, and Al Na’ir. 

Fomalhaut is low in the southeastern sky of the southern hemisphere observer, and 
Enif is low in the eastern sky at nearly any latitude. With the appearance of these 
stars it is not long before Pegasus will appear over the eastern horizon during the 
evening, and as the winged horse climbs evening by evening to a position higher in the 
sky, a new annual cycle approaches. 
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Ficure 2208.—Stars in the vicinity of Cygnus. 
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2209. Ecliptic diagram.—On each right-hand page of the daily tabulations of . 
the Air Almanac (app. W) an ecliptic diagram shows a band of the sky 16° wide (the 
zodiac, art. 1420), with the sun at the center. Shown in correct position relative to 
the sun (except when very close to it) are the moon, selected planets and stars, and 
the vernal equinox. This diagram is useful for planning purposes and for locating the 
planets. That part of the diagram to the left of the sun is east of it, approximately 
coinciding with the visible part during evening twilight. That part to the right, or 
west, of the sun coincides approximately with the visible portion during morning 
twilight. The two ends are that point in the sky 180° from the sun. These diagrams 
were replaced in 1965 by a single Planet Location Diagram. 

2210. Star finders.—Various devices have been invented to help an observer 
locate and identify individual stars. The most widely used is the Star Finder and 
Identifier published by the U. S. Navy Hydrographic Office. The current model, 
H.O. 2102—-D, as well as the previous 2102—C model patented by E. B. Collins, formerly 
of that Office, employs the same basic principle as that used in the Rude Star Finder, 
which was patented by Captain G. T. Rude, USC&GS, and later sold to the Hydro- 
graphic Office. Successive models reflect various modifications to meet changing con- 
ditions and requirements. 

The star base of H.O. 2102—D consists of a thin, white, opaque, plastic disk about 
8% inches in diameter, with a small peg in the center. On one side the north celestial 
pole is shown at the center, and on the opposite side the south celestial pole is at the 
center. All of the stars listed on the daily pages of the Nautical Almanac are shown 
on a polar azimuthal equidistant projection (art. 320) extending to the opposite pole. 
The south pole side is shown in figure 2210a. Many copies of an older edition, H.O. 
2102-C, showing the stars listed in the almanacs prior to 1953, and having other 
minor differences, are still in use. These are not rendered obsolete by the newer 
edition, but should be corrected by means of the current almanac. The rim of each 
side is graduated to half a degree of LHAY (or 360°—SHA). 

Ten transparent templates of the same diameter as the star base are provided. 
There is one template for each 10° of latitude, labeled 5°, 15°, 25°, ete., plus a tenth 
(printed in red) showing meridian angle and declination. The older edition (H.O. 
2102-C) did not have the red meridian angle-declination template. Each template 
can be used on either side of the star base, being centered by placing a small center hole 
in the template over the center peg of the star base. Each latitude template has a 
family of altitude curves at 5° intervals from the horizon (from altitude 10° on the 
older H.O. 2102—C) to 80°. A second family of curves, also at 5° intervals, indicates 
azimuth. The north-south azimuth line is the celestial meridian. The star base, 
templates, and a set of instructions are housed in a circular leatherette container. 

Since the sun, moon, and planets continually change apparent position relative 
to the “fixed” stars, they are not shown on the star base. However, their positions at 
any time, as well as the positions of additional stars, can be plotted. To do this, deter- 
mine 360°—SHA of the body. For the stars and planets, SHA is listed in the Nautical 
Almanac: For the sun and moon, 360°—SHA is found by subtracting GHA of the 
body from GHAY at the same time. Locate 360°—SHA on the scale around the 
rim of the star base. A straight line from this point to the center represents the 
hour circle of the body. From the celestial equator, shown as a circle midway be- 
tween the center and the outer edge, measure the declination (from the almanac) 
of the body toward the center if the pole and declination have the same name (both 
N or both S), and away from the center if they are of contrary name. Use the scale along 
the north-south azimuth line of any template as a declination scale. The meridian 
angle-declination template (the latitude 5° template of H.O. 2102-C) has an open slot 


IDENTIFICATION OF CELESTIAL BODIES 587 


An ANTON Ld OL OO ; 
wo Gh. 4 i eT 


\ 
an he eer in, 
os ‘i et M +> 3 o8T wade! "1, , 
\ 1) 
RY) \ : (2102-0) vA “Ny, 
‘ Ww ; eu omy O14, 


2 
YH 
C4 
ep 
a. 
ae a 
= ze 
SS Z 
ae Lt; 

SS Z 
=, Z 
=r "2 
= S= 
=8 @ >= 
= 5 ae 
=a = 
= Se 
2 = 
ea 5S 
2 a 
S = 
ica ~ 
Za % S 
Z > = 
Zz. *e aE ar ; (0) ES 
ee “ny, BS te eo £ S 
Z e 2 as 
os eet RS 
z RS 
4 CaS 
4D IS 
Gy BS 
“yn © ¢ S 
ey Alpheratz RS 
“uff 
y : 

“4, , 3$e Scheda ORNS 
“yp iste » 
hy, D T : & 

Why as (ARIES) ; \ 

“Mnf a AN 
Mapn 15° — <«——_+ W 5 B00 
TT an ar WERANKOD 
11, 5 " a \\y 
TT ARRAN RAO hit 


Figure 2210a.—The south pole side of the star base of H.O. 2102-D. 


with declination graduations along one side, to assist in plotting positions, as shown in 
figure 2210b. In the illustration the celestial body being located has a 360°—SHA of 
285°, and a declination of 14°5 S. It is not practical to attempt to plot to greater 
precision than the nearest 0°1. Positions of Venus, Mars, Jupiter, and Saturn on June 
1, 1958, are shown plotted on the star base in figure 2210c. It is sometimes desirable 
to plot positions of the sun and moon, to assist in planning. Plotted positions of stars 
need not be changed. Plotted positions of bodies of the solar system should be replotted 
from time to time, the more rapidly moving ones oftener than others. The satisfactory 
interval for each body can be determined by experience. It is good practice to record 
the date of each plotted position of a body of the solar system, to serve later as an 
indication of the interval since it was plotted. 

To orient the template properly for any given time, proceed as follows: enter 
the almanac with GMT, and determine GHAY at this time. Apply the longitude to 
GHAYT,}subtracting if west or adding if east, to determine LHAY. If LMT is sub- 
stituted for GMT in entering the almanac, LHAT can be taken directly from the al- 
manac, to sufficient accuracy for orienting the star finder template. Select the tem- 
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FicurE 2210b.— Plotting a celestial body on the star base of H.O. 2102-D. 


plate for the latitude nearest that of the observer, and center it over the star base, 
being careful that the correct sides (north or south to agree with the latitude) of both 
template and star base are used. Rotate the template relative to the star base until 
the arrow on the celestial meridian (the north-south azimuth line) is over LHAY on 
the star base graduations. The small cross at the origin of both families of curves now 
represents the zenith of the observer. The approximate altitude and azimuth of the 
celestial bodies above the horizon can be read directly from the star finder, using eye 
interpolation. Consider Polaris, not shown, as at the north celestial pole. For more 
accurate results, the template can be lifted clear of the center peg of the star base, and 
shifted along the celestial meridian until the latitude, on the altitude scale, is over the 
pole. This refinement is not needed for normal use of the device. It should not be 
used for a latitude differing more than 5° from that for which the curves were drawn. 
If the altitude and azimuth of an identified body shown on the star base are known, the 


template can be oriented by rotating it until it is in correct position relative to that 
body. 
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Ficure 2210c.—A template in place over the star base of H.O. 2102—-D 
Customarily, H.O. 2102—-D is used in either of two ways: 
1. To make an advance list of celestial bodies available for observation at a given 
time. 
2. To identify an unknown celestial body which has been observed. 
Example 1.—During evening twilight on June 1, 1958, the GMT 2324 DR 
position of a ship is lat. 34°12/5 N, long. 57°46°8 W. 
Required —The approximate altitude (ha) and azimuth of each first magnitude 
star, and any planets, between altitudes 15° and 75°. 
Solution (fig. 2210c)—(1) Plot the positions of the planets, as shown. The 


values used are those for GMT 1200 on June 1, as follows: 
Dec. 


Planet 360°—-SHA 
Venus 28-5 9°6 N 
Mars 356°7 eae 
Jupiter 201°1 3 
262°8 21°85 


Saturn 
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(2) Determine LHAT by means of the Nautical Almanac, as follows: 


GMT 2324 Junel 
238 234°55/0 


24™ = 6°01/0 
GHAYT 240°56'0 
dX 57°46'8 W 


LHAT 183°09/2 


(3) Select the template for latitude 35°, place it over the north side of the star 
base with “LATITUDE 35° N” appearing correctly, and orient it to 183°2. It is 
customary to list the bodies in order of increasing azimuth, as follows: 


Body ha Zn 
Vega Lic ay 0540 
Arcturus 59° Line 
Jupiter 45° 155° 
Spica 42° 157% 
Regulus 53° 240° 
Procyon 20° 262° 
Pollux 33° 284° 
Capella 15° 316° 


Example 2.—At the time and place of example 1, an unidentified celestial body is 
observed through a break in the clouds. Its sextant altitude is 15°27/8, and its azimuth 
is 085°. 

Required.—Identify the celestial body. 

Solution (fig. 2210c)—Orient the template as in example 1. By means of its 
altitude and azimuth, identify the star as Rasalhague. 

If no body appears at the measured altitude and azimuth, place the red meridian 
angle-declination template over the altitude-azimuth template and read off, by in- 
spection, the declination and the 360°—SHA value of the body, and from this, determine 
its SHA. Using the SHA and declination, enter the list of stars near the back of the 
Nautical Almanac, and identify the body. If it is not found in this list, and no error 
has been made, one of the stars not listed in the almanac, or possibly the planet Mercury, 
has been observed. Unless a copy of The American Ephemeris and Nautical Almanac 
or another book containing the required information is available, the observation can- 
not be used. If right ascension (art. 1426) of the body is available, but not its SHA, 
the value taken from the star finder (360°—SHA) is converted to time units (art. 1904) 
and used directly, since RA=360°—SHA. 

Example 3.—At the time and place of example 1 an unidentified celestial body is 
observed through a break in the clouds. Its altitude is 52°58’9, and its azimuth is 
Os 

Required.—Identify the celestial body. 

Solution (fig. 2210c).—Orient the template as in example 1. Since no celestial 
body appears at the place indicated by its altitude and azimuth, the red meridian angle- 
declination template is placed over the altitude-azimuth template. The declination 
is found to be about 1° S. The 360°—SHA value is about 190°, and SHA is therefore 
about 170°. From the star list near the back of the Nautical Almanac, the star is 
identified as y Virginis. 

2211. Sight Reduction Tables for Air Navigation (H.O. Pub. No. 249).—Volume I 
of H.O. Pub. No. 249 can be used as a star finder for the stars tabulated at any given 
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time. For these bodies the altitude and azimuth are tabulated for each 1° of latitude 
and 1° of LHAT (2° beyond latitude 69°). The principal limitation is the small 
number of stars listed. 

2212. Sky diagram.—Near the back of the Air Almanac are a number of sky 
diagrams. These are azimuthal equidistant projections (art. 320) of the celestial sphere 
on the plane of the horizon, at latitudes 70°N, 50°N, 30°N, 10°N, 10°S, and 30°S, 
at intervals of two hours of local mean time each month. A number of the brighter 
stars, the visible planets, and several positions of the moon are shown at their correct 
altitude and azimuth. These are of limited value because of their small scale; the 
large increments of latitude, time, and date; and the limited number of bodies shown. 
However, in the absence of other methods, particularly a star finder, these diagrams 
can be useful. Allowance can be made for variations from the conditions for which 
each diagram is constructed. Instructions for use of the diagrams are included in the 
Air Almanac. 

2213. Identification by computation.—If the altitude and azimuth of the celestial 
body, and the approximate latitude of the observer, are known, the navigational 
triangle (art. 1433) can be solved for meridian angle and declination. The meridian 
angle can be converted to LHA, and this to GHA. With this and GHA of Aries at 
the time of observation, the SHA of the body can be determined. With SHA and 
declination, one can identify the body by reference to an almanac. Any method of 
solving a spherical triangle, with two sides and the included angle being given, is 
suitable for this purpose. ‘‘Short’’ methods such as H.O. Pubs. Nos. 208 and 211 include 
instructions for star identification by the tables provided. A large-scale, carefully- 
drawn diagram on the plane of the celestial meridian, using the refinement shown in 
figure 1432f, should yield satisfactory results. Perhaps the simplest method of actual 
computation is by H.O. Pub. No. 214. Following the tables of computed altitude and 
azimuth for each latitude, a two-page star identification table is given, as shown in 
appendix AA. The example given below is based upon this extract. 

The steps in solution by H.O. Pub. No. 214 are: 

1. Convert Zn to Z. 

2. With Z and ha (usually the approximate value taken from the sextant, without 
correction) enter the H.O. Pub. No. 214 star identification pages for the nearest whole 
degree of latitude, and extract the declination and meridian angle, t (given as H.A. in 
the table). If the declination is given in roman type, above the heavy line, it has the 
same name as the latitude. If the declination is given in italics, below the heavy line, 
it has the contrary name to that of the latitude. When interpolating between roman 
and italic declinations, consider the italic value negative, using the arithmetical sum as 
the algebraic difference needed for interpolation. Extract values to the nearest whole 
degree. 

3. Convert t to LHA. 

4. Apply the longitude to LHA to find GHA, adding if in west longitude, and 
subtracting if in east longitude. 

5. Enter the Nautical Almanac with GMT, and determine GHAT. 

6. Subtract GHAY from GHA to find SHA (since GHAs*=GHAYT+SHA). 

7. With the approximate SHA and d enter the Nautical Almanac star list and 
identify the body, checking first the SHA and then the declination. Do not overlook 
the possibility of having observed a planet or a star not listed in the almanac. For 
a planet, check first the declination. If this is approximately correct, check the GHA. 
It is not necessary to find the SHA of a planet. 
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Ezample.—On May 31, 1958, the 0425 DR position of a ship is lat. 41°13/6N, 
long. 140°41'7W. About this time the navigator observes an unknown star through 
a break in the clouds, as follows: GMT 13"24™46%, hs 15°01/5, Zn 232°. 

Required.—Identify the unknown celestial body, using H.O. Pub. No. 214. 


Solution.— 
May 31 
GMT 13°24™46® May 31 Zn 232° 
L383 23b02 Z N128°W 
24™46® 6°12'5 ha 15 
GHAYT 89°43/7 (subtract) d 16°S (from H.O. Pub. No. 214) 
GHA» 193° t 52°W (from H.O. Pub. No. 214) 
SHA+* 103° LHA H2e 
deal625 r 141° W 
Body Sabik GHA 193° 


Problems 


2210a. During morning twilight on June 3, 1958, the GMT 1825 (June 2) DR 
position of a ship is lat. 26°21/4N, long. 157°10/4E. 

Required.—The approximate altitude and azimuth of each first magnitude star, 
and any planets, between altitudes 10° and 80°, using H.O. 2102-D. 


Answer.— 
Body ha Zn 
Venus 2h 092° 
Mars 47° 128° 
Fomalhaut 32% 160° 
Saturn 14° PRY 
Altair 59° 249° 
Vega 50° 301° 
Deneb 67° 334° 


2210b. At the time and place of problem 2210a an unidentified celestial body is 
observed through a break in the clouds. Its sextant altitude is 21°04’1 and its azimuth 
is 044°, 

Required.—Identify the celestial body, using H.O. 2102-D. 

Answer.—Mirfak. 

2210c. The dead reckoning latitude of a ship is 25°06/4S. Two stars are observed 
in quick succession, as follows: 


Star ha Zn 
Antares 57° 100° 
Unidentified 52° oie 


Required.—Identify the unknown celestial body, using H.O. 2102-D. 

Answer.—e Virginis. 

2213. On June 2, 1958, the 1725 DR position of a ship is lat. 41°27/3S, long. 
158°36‘9E. About this time the navigator observes two unknown celestial bodies 
through breaks in the clouds, as follows: (1) GMT 6"24™15°, hs 16°04/9, Zn 334°; 
(2) GMT 6"25753°, hs 30°38/1, Zn 071°. The second body appears to be of the first 
magnitude, with a bright but somewhat dimmer body above it and slightly to the right. 

Required.—ldentify the unknown celestial bodies, using H.O. Pub. No. 214. 

Answers.—(1) Pollux, (2) Jupiter. 
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CHAPTER XXIII 
THE PRACTICE OF MARINE NAVIGATION 


2301. Introduction.—In the preceding 22 chapters, the various elements of naviga- 
tion are discussed separately. In this chapter the interrelationship of the various parts 
is discussed. However, the most important element of successful navigation cannot be 
acquired from this book—nor from any book or instructor. The science of navigation 
can be taught, but the art of navigation must be acquired. Modern navigation is a 
blending of the two—a scientific art. The truly successful navigator is one who supple- 
ments his knowledge with judgment, utilizing every opportunity to improve his judg- 
ment through experience. Even with knowledge and judgment, the navigator cannot 
expect to be fully reliable unless he is alert, constantly evaluating the situation as it 
develops, avoiding dangerous situations before they arise, or recognizing them if they 
do occur, and always keeping “ahead of the vessel.” T he elements of successful 
navigation, then, are knowledge, judgment, and alertness. To the person possessing 
these, navigation can be a pleasure. A person who tries to navigate without them is at 
best a doubtful asset. He may be a menace to his vessel and shipmates. 

It is not wise to attempt to reduce navigation to a series of steps that can be followed 
mechanically. The methods and techniques to be used are those which are applicable 
to the type of vessel, the equipment available, the training and experience of the 
navigator and any assistants, the local situation, etc. The navigation of a small craft 
proceeding up the Choptank River, for instance, might be quite different from that of an 
ocean liner entering New York harbor. Both might differ from the navigation of a 
naval vessel approaching an assigned anchorage. It is important that a navigator 
make an “estimate of the situation” and use the methods and techniques that are best 
adapted to the conditions at hand. 

The discussion that follows is generally applicable to any vessel under average 
conditions, but is written primarily for an average ship which might be planning and 
executing an ocean voyage. 

2302. Advance preparation.—Before starting a voyage, the navigator should 
familiarize himself with his equipment and the conditions to be encountered. Any 
defective or questionable instruments should be repaired or replaced. The necessary 
charts and publications should be on hand. If the voyage is to extend beyond the time 
range of any publication, such as an almanac or tide tables, the volume for the next 
period should be included, or provision should be made to acquire it before the expira- 
tion date of the current volume. Charts and light lists should be checked to see that 
they have been corrected through the latest Notice to Mariners. 

When all equipment is on hand and in suitable condition, the navigator should 
study his charts and publications. He should determine which soundings are in feet, 
which in fathoms, and whether other units are used (app. L). It is good practice to 
underline or circle with a colored pencil the statement of units as given on each chart. 
The various notes on the chart should be read, and applicable ones marked. The latitude 
and longitude scales should be observed and the units noted. The channels, currents, 
shoals, aids to navigation, and natural landmarks should be studied so that the general 
arrangement is familiar. Useful natural ranges should be located and marked. Where 


needed, turning bearings, danger angles, and danger bearings should be determined. 
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The tides and currents to be encountered should be determined from the tables and 
charts. The advice and warnings given in coast pilots or sailing directions should be 
read and pertinent parts marked or copied out. The light list should be studied, and 
circles of visibility for the usual height of eye drawn in. Characteristics should be 
written on the chart, if not printed there, or in a notebook, to assist in identification. 
Useful radar targets, radiobeacons, loran rates, etc., should be noted if equipment to 
utilize them is available. If a danger sounding is useful, it should be drawn in. The 
bottom configuration should be studied for distinctive features that will prove helpful 
in locating the position of the vessel, or keeping it in safe water. If foreign charts 
are to be used, the symbols should be understood. 

The extent of the preliminary study depends somewhat upon the navigator’s 
previous knowledge of the area. But however familiar he may be with local conditions, 
the navigator should not overlook the need for checking his equipment to be sure it is 
complete and up-to-date, nor to refresh his memory regarding critical items of informa- 
tion. The prudent navigator leaves nothing to chance and assumes nothing that can be 
verified. 

In pilot waters with limited maneuvering space, the desired track might well be 
plotted in advance, and the predicted time between buoys, turns, etc., determined. 
Where repeated runs are made over the same routes, the entire track may be plotted 
in ink. Courses, distances between lights, visibility circles, and other useful informa- 
tion might be prominently indicated. When this practice is followed, a positive routine 
should be set up to apply corrections and to bring these to the attention of all concerned. 

2303. Getting underway.—Shortly before the ship gets underway the necessary 
charts, publications, and plotting equipment should be placed on the chart table. A 
check should be made to be sure that all marks (except those permanently plotted in 
ink or colored pencil) relating to a previous voyage have been erased from the charts. 
The navigator’s binoculars should be checked to see that they are properly secured 
in their accustomed place on the bridge. The gyro compasses should be started suf- 
ficiently in advance to insure proper operation, and should then be compared with the 
repeaters and the magnetic compass on the bridge. A check should be made to see 
that the latest deviation tables are available, and that magnetic gear has not been left 
near the compass. Azimuth circles and peloruses should be in place and checked. 
The standard and emergency steering gear should be checked, as well as communication 
and signaling equipment. If practical, the mechanical log and electronic equipment 
such as radar, loran, radio direction finder, and echo sounder should be started and 
checked. The hand lead should be placed at a convenient location ready for immediate 
use. The anchor windlass should be tested. The sextant, chronometers, almanac, 
and tables should be checked to see that they are in their proper places. It is good 
practice for the navigator to prepare a check-off list to insure that nothing is over- 
looked. The checks should be made carefully by a responsible person. 

Before getting underway the navigator should see that all navigational personnel 
are at their assigned stations and that each understands his duties. It is good practice 
to acquaint each person with the general plan of operation, for an informed person is 
less likely to make mistakes, and more likely to detect mistakes made by others. 

2304. Leaving port.—In a harbor, the largest scale chart should be used for 
greatest accuracy and detail. The dead reckoning should be started as soon as the 
vessel steadies on its first course. If the desired track has not been plotted in ad- 
vance, the dead reckoning is run ahead a short distance. In either event, the predicted 
time of arrival at the next turning bearing, or of passing the next aid to navigation 
is recorded on the chart. Predicted times of arrival at various points are of great 
importance in interpreting the information received and in avoiding dangerous situa- 
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tions. It is good practice to use all available information, and not rely solely upon a 
single aid. A good position should be maintained at all times. Fog may set in rapidly 
and without warning, obscuring landmarks before a round of bearings can be observed. 
Lights should be timed and identified by their characteristics. At a distance, the color 
and shape of buoys may not be apparent. Sometimes a sailboat can be mistaken for a 
buoy. Buoys may be out of position. Bearings and ranges on fixed objects are 
better than on floating aids which do not remain at fixed points. Soundings should be 
taken continuously in the vicinity of shoal water. It is good practice to check the 
compass at convenient opportunities, as when on a range. Ranges are of great value 
for checking position or keeping on the desired track, and should be used whenever 
available. 

By skillful navigation, one may be able to save many miles of steaming. However, 
it is possible to allow insufficient margin of safety. The navigator should always keep 
in mind the possibility of failure of some item of equipment, unexpected fog, or the need 
for maneuvering room if another vessel approaches too close. He should remember, 
too, that in pilot waters currents may be strong and variable. 

A detailed record should be kept in a notebook. Entries should be made showing 
bearings and ranges, important soundings, all changes of course and speed, the times 
of passing important aids to navigation, and other pertinent information. The record 
should leave nothing in doubt, indicating whether bearings are true or by magnetic 
compass, whether soundings are in feet or fathoms, etc. This record is useful in 
preparing the ship’s log, providing guidance for future runs over the same area, establish- 
ing position if fog sets in, and in providing an acceptable record if the vessel experiences 
a mishap resulting in a later investigation. 

The chart, also, should present a neat and intelligible record of the passage. Course 
lines and lines of position should be drawn lightly and neatly, and should be no longer 
than needed. Labels should be used wherever they contribute to an understanding of 
the plot. They should be so placed and worded that no doubt is left as to their ap- 
plicability and meaning. If possible, lines and labels should not be drawn through 
chart symbols. 

Outside the harbor, if the course is parallel to the coast, there may be advantages in 
remaining close enough to utilize major aids to navigation and other landmarks. How- 
ever, a set toward the beach, particularly off the entrance to an estuary, can endanger 
the safety of a vessel. Many ships have grounded because a course was set too close 
to off-lying dangers. 

2305. Taking departure.—When a vessel reaches the open sea and is about to leave 
the land astern, a last accurate position is obtained by means of landmarks available. 
This process is called taking departure. It marks the end of piloting and the beginning 
of the next phase of the navigation. The work of the navigator becomes less hurried, 
and fixes are obtained less frequently. Soundings become of less interest. The hand 
lead is secured. The position may be transferred from the chart to a plotting sheet. 
Courses and speeds will be maintained over relatively long periods. The sea routine 
begins. Even if the vessel is to follow the coast, it generally does so at such a distance 
tnat danger is some distance away, and navigation is an intermittent process rather 
than a continuous one. 

2306. Navigation at sea, like piloting, varies somewhat from vessel to vessel 
depending upon the equipment available and the individual preferences of the navigator. 
A daily routine, called the day’s work, is established by the navigator and carried out 
with such variations as dictated by circumstances. While details vary with the 
navigator, a typical minimum day’s work is: 

1. Plot of dead reckoning throughout the day. 


598 THE PRACTICE OF MARINE NAVIGATION 


2. Observation and reduction of celestial observations for a fix during morning 
twilight. 

3. Winding of chronometers and determination of chronometer error. 

4. Observation of the sun for a morning sun line (on or near the prime vertical if 
made at about the same time as 5). 

5. Azimuth of the sun for a compass check. This may be an amplitude observa- 
tion at sunrise, but is more commonly made at about the same time as a morning sun 
line observation. 

6. Observation of the sun at or near noon. This is crossed with a morning sun 
line, advanced, or with an observation of the moon or Venus to obtain a noon (ZT 1200) 
position. 

7. Computation of the day’s run (noon to noon, or midnight to midnight). 

8. Observation of the sun during the afternoon (on or near the prime vertical if 
made at about the same time as 9). This is primarily for use with the advanced noon 
sun line, or with a moon or Venus line, if the skies are overcast during evening twilight. 

9. Azimuth of the sun for a compass check. This is commonly made at about the 
same time as an afternoon sun observation, but may be an amplitude observation at 
sunset. 

10. Computation of the time of sunset, sunrise, and twilight, and preparation of 
a list of stars and any planets in favorable positions for observation during each twi- 
light period, with the approximate altitude and azimuth of each body. 

11. Observation and reduction of celestial observations for a fix during evening 
twilight. 

12. Computation of the time of moonrise and moonset (if required). 

13. Use of loran and any other available electronic aid on a regular schedule, as 
every hour. 

The list of celestial bodies available for observation is customarily prepared with 
the aid of a star finder such as H.O. 2102-D (art. 2210). ‘This list is particularly 
helpful during evening twilight, when one desires to know where to look for the brightest 
stars or planets before the general pattern of stars becomes visible. Some navigators 
list or make a simple plot of the relative azimuths of the bodies, to assist in locating 
them. The brightest bodies may be visible at about the time of sunset, or even 
a little before. In general, it is good practice to observe the brightest bodies as 
they appear in the evening, while the horizon is clear and sharp, and the dimmest 
first in the morning, before they fade from view. Several observations should be made 
of each body, each sight being taken quickly to avoid eye fatigue. In general, it is 
better to use one good observation than to average several of questionable accuracy. 
At least five or six bodies should be observed. If the three most favorably situated ones 
provide a good fix, additional sights need not be reduced, but if doubt remains, in- 
formation for obtaining additional lines is available. It is better to observe bodies all 
around the horizon than in the same semicircle. Thus, three bodies separated by 120° 
are better than three separated by 60°, for in the former case any constant error in 
altitude will be neutralized. 

If a comparing watch is used, it should be compared with the chronometer or a 
time tick every time celestial observations are made. The index correction should be 
determined each time the sextant is used. If the horizon is used for this purpose, the 
measurement should be made before evening twilight observations and after morning 
twilight observations, while the horizon is sharp. If the horizon is not equally sharp 
in all directions, the best part should be used. 

When skies clear after a prolonged period of overcast, or when clouds threaten to 
obscure the heavens, additional observations should be made, if available. During 
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the day a series of sun lines might be obtained and advanced to a common time, or the 
moon or Venus might be available at a favorable azimuth. Sometimes observations 
can be made during the night, either by use of moonlight to illuminate the horizon, or 
by dark-adapting the eyes. At this time the moon, and bodies having an azimuth nearly 
the same as the moon, should be avoided because of the probability of false horizons 
on the illuminated water. 

Sights may be reduced by any reliable method. The one most widely used by 
mariners is H.O. Pub. No. 214, used in conjunction with the Nautical Almanac. Ifa 
check is needed, a good practice is to use a different method and a different almanac, so 
that mistakes will not be repeated. 

Before the development of modern sight reduction methods, celestial navigation 
was largely a matter of determining latitude by observation of bodies on or near the 
celestial meridian (including Polaris) and longitude by observation of bodies on or near 
the prime vertical. Longitude was computed by time sight. Frequently, this method 
of navigation was inconvenient. Often it produced misleading results, as when a 
north-south “longitude” line was used instead of the true line of position which might 
differ in direction by as much as 30° or more. Errors were introduced when an incor- 
rect longitude was used for solving a reduction to the meridian, or an incorrect latitude 
for solving a time sight of a body some distance from the prime vertical. The use of 
azimuth with a time sight was an improvement, but was not well adapted to observa- 
tions of celestial bodies near the celestial meridian. The modern navigator is freed 
from these restrictions. He is able to obtain a line of position extending in the correct 
direction almost any time a celestial body can be observed. He places no special 
significance upon latitude and longitude lines, and solves all sights by a common 
method of sight reduction. 

It is good practice to use a workbook for the various solutions made at sea. This 
provides a valuable record which may be of inestimable value in the future. Entries 
should be neat, orderly, and intelligible to another navigator. All original data and 
computations should be included. The use of standard work forms is recommended. 
Those given in appendix Q are slight modifications of forms developed at the United 
States Naval Academy and used widely at sea. They are considered adequate but, 
for sight reduction of celestial observations, there is merit in using a form which uses 
a single column, so that several sights can be reduced in parallel columns. The best 
form for anyone to use is one he thoroughly understands and finds logical and least 
confusing. If an alteration in a work form reduces the number of errors made, it is 
a desirable change. Because of the difference of opinion among marine navigators, and 
the tendency to follow mechanically an established form without fully understanding 
the principles involved, a work form standardized for all navigators is probably undesir- 
able, although such is widely used by air navigators, who use celestial navigation some- 
what intermittently. When one has established the work forms he desires to use, he 
can have a rubber stamp made, or have the forms reproduced by printing. The former 
is probably preferable because it permits use of a bound workbook. However, printed 
forms can be punched for retention in a looseleaf binder. 

At sea it is good practice to run the dead reckoning from fix to fix, determining 
set and drift of the current at each fix. The use of single lines of position and current 
to establish estimated positions is a matter of judgment. The ability to predict the 
difference between dead reckoning positions and fixes, which ability may be developed 
when the need is not apparent, can serve as a valuable asset when fixes are not available. 
In the U. S. Navy, the best position available is recorded in the log at 0800, 1200, and 
2000. A typical plot of part of a day’s run at sea (omitting possible loran fixes) is 
shown in figure 2306. 
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It is good practice to compare the gyro repeaters with the steering magnetic 
compass each half hour and after each change of course at sea, to detect any discrepancy 
which may arise through malfunction. In making the comparison, one should not 
overlook changes in variation and deviation. The master gyro compass should be 
compared with its repeaters from time to time. 

One of the duties of the navigator is to inform the captain of the expected time 
of crossing time zone boundaries. The change of time is usually made at a convenient 
whole hour near the time of crossing a boundary, or during the night. Aboard some 
merchant ships the change is distributed equally through several watches, as 20 minutes 
during three consecutive watches. 

It is common practice for the captain to maintain a night order book. Standing 
orders such as the conditions under which the captain is to be called, and the admonition 
to keep a sharp lookout, are usually given on the inside front cover. The orders for 
each night, if any, are recorded in order, over the captain’s signature. They include 
items such as courses to be steered, speeds to be used, times and bearings of lights 
expected to be sighted, and any other pertinent navigational information. The 
navigator provides the captain with such information as he may require. 

2307. Landfall.—After a voyage at sea, the first contact with land is of considerable 
importance. The accuracy with which one predicts the time and place of sighting land 
depends upon the accuracy of navigation. If consistent loran fixes have been obtained 
at frequent intervals, and these positions are confirmed by a recent fix from celestial 
observations or other information, the prediction should be highly accurate. But if no 
fix has been available for several days, considerable doubt may surround the landfall. 

Often the approximate distance offshore, if not the position, can be determined 
by means of soundings. Along most of their coasts the continents have a continental 
shelf of relatively shoal water extending outward for a varying distance. A similar 
insular shelf extends outward from many island groups. At the outer edge, called the 
continental talus (or insular talus), a sharp increase in depth occurs. This is usually 
at about the 100-fathom curve. Therefore, the crossing of this curve is often quite 
abrupt, and gives information on the distance offshore. The position of this and other 
depth curves may be indicated on the chart. 

The place of making landfall has a definite relationship to the safety of the vessel, 
particularly in an area where shoaling is not uniform along the beach. For some time 
before making a landfall in such an area, it may be advisable to maintain both a dead 
reckoning and estimated position plot. The best obtainable position should be deter- 
mined. Methods which are acceptable a thousand miles from land may not provide 
sufficiently exact data when a landfall is expected. 

Only judgment, based upon existing circumstances, can determine the existence 
of a dangerous situation. If the water has shoaled to a dangerous degree, for instance, 
and the position of the vessel is seriously in doubt, one may have no recourse but to 
stand off or anchor and await daylight, improved visibility, or better information. 

When contact is made with land, the first step should be to identify the point of 
contact. The anticipated point of making contact should be of assistance, but one 
should be alert to the possibility of similarly appearing land at other points within a 
reasonable distance on each side. The position of the vessel relative to land might be 
established even before land is sighted. Soundings, radio bearings, and radar may be 
used for this purpose. 

2308. Entering port.—Before entering port, the navigator should have reliable 
information regarding the draft of his vessel. He should also have a reliable position 
relative to the land. Preparations for entering are similar to those for getting under- 
way. The tide and tidal current tables, light list, coast pilot or sailing directions, and 
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FiGuRE 2308.—Typical plot in pilot waters. 
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charts should all be broken out and studied so that one is familiar with conditions to 
be encountered. The time of entering might be selected to take advantage of favorable 
currents, and to arrive at the assigned berth at slack water. One should have a mental 
picture of what to expect when approaching from seaward under the anticipated con- 
ditions of lighting and visibility. The characteristics of all aids to navigation by day 
or night, as appropriate, and fog signals should be known or immediately available. 
In entering a strange port the navigator should carefully select the most suitable aids 
to use, with substitutes if these prove inadequate, or if there is any doubt as to their 
identity. Useful ranges, natural or artificial, should be noted. Danger bearings and 
danger circles should be drawn in and labeled, if this has not already been done. A 
danger sounding should be selected and drawn on the chart, if needed. Any shoal 
areas, wrecks, areas of unusually swift current, etc., should be noted. 

The courses to be steered and the distance on each should be determined and 
recorded, or drawn and labeled on the chart. _ The identification of each turning point 
should be indicated. Definite courses should be steered, and changes made only 
when established positions indicate a departure from the planned track, or when 
necessitated by traffic. Course changes should occur at preselected points having 
definite identification. The position should not be permitted to be in doubt at any 
time, even in ports which are familiar to the navigator and considered easy to enter. 
Most avoidable groundings are caused by erroneous assumptions which should have 
been verified. The position should be checked frequently, using the most reliable 
information available. This may seem to be an unnecessary refinement, but in an 
emergency a position might be needed at a time when it cannot be obtained. When 
changes of course are ordered, it is good practice to indicate the amount and direction of 
change, or the new course, to avoid the possibility of having one’s attention diverted at 
the moment the order should be given to check the swing or steady on the new course. 
In general, course changes are best made when a given aid to navigation or other 
landmark is abeam, or when the ship is on a range. 

If it becomes necessary to pass between visible dangers without suitable marks for 
obtaining fixes, a track midway between dangers can be followed by eye more accurately 
than one closer to either side. If a vessel is to pass near reefs or shoals, it is sometimes 
possible to observe these from a position aloft, particularly if the sun is astern. 

The actual navigation while entering port is similar to that when leaving port. 
A typical plot in pilot waters is shown in figure 2308. The entering of pilot waters 
should be accompanied by a mental reorientation and an increased alertness. The use 
of a local pilot, unless this is a mandatory requirement, is a matter which should be 
decided in each case. Whether or not a pilot is used, local harbor regulations should 
be followed, for the presence of a pilot does not relieve the master of his responsibility. 
One should not forget to note the time of entering the area where local or inland rules 
of the road apply. 

Speed in the vicinity of wharves, construction work, dredges, small boats, etc., 
should be carefully controlled to avoid damage to them. 

If the vessel anchors, the anchorage should be selected carefully, considering local 
regulations as well as suitability and safety, including the holding qualities of the bot- 
tom. If there is any doubt as to the depth of water, a boat might be sent in ahead to 
take soundings. [If space is limited, the approach to the anchorage should be planned 
and executed carefully. As soon as the anchor is let go, the position should be de- 
termined accurately, preferably by horizontal sextant angles. Bearings of a number 
of prominent landmarks and lights should be measured and recorded, as a guide in 
determining whether or not the vessel drags anchor. 
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2309. Fog.—During periods of reduced visibility, the navigator’s work is more 
difficult. At sea he is prevented from making celestial observations. Even when the 
fog is so shallow that celestial bodies are visible, the horizon is not available as a refer- 
ence. An artificial-horizon sextant may prove of some value at such a time, but unless 
the sea is almost a flat calm, the results are likely to be less reliable than the dead reckon- 
ing. Radio aids to navigation are affected little by fog. Unless the vessel is ap- 
proaching land, there is generally no cause for concern regarding the navigation, the 
principal danger being one of collision with other vessels. Usually the navigator merely 
waits for the fog to lift. 

When a coast is approached, however, a wait may be impractical. The safety of 
the vessel requires reliable positional information. Along a coast where the shoaling 
is gradual, the echo sounder or sounding machine can be of great assistance in indicating 
the distance off. But along a coast having abrupt shoaling, the first indication of 
shallow water may be obtained so close to the beach that action to avoid grounding is 
not possible. If radio aids such as loran, radio direction finder, and radar are available, 
they can provide useful information. If the vessel is near enough to a shore with steep 
cliffs, the echo of the vessel’s whistle may provide indication of the distance off. 

The decision of whether to enter a fogbound harbor should be made carefully. 
Once committed to the channel, the vessel may have no alternative but to continue on 
to the anchorage or wharf, for in some areas there is not room to turn back, and anchor- 
ing is unsafe. It is sometimes wiser to stand off or anchor for a few hours than to risk 
danger of grounding or collision. 

If the decision is made to enter, one should be prepared for any reasonable eventu- 
ality. The proximity of danger and the presence of currents make necessary the main- 
tenance of a good position at all times. Fog limits the number of objects that can be 
used for fixing position, and destroys the overall view of the area. The radio direction 
finder and radar, both shipborne and shore-based, have done much to reduce the hazard 
due to fog, but they have not eliminated it. The need for special precautions and 
increased vigilance is still present. 

During periods of reduced visibility the practice of steering exact courses, with 
precise changes at definite points, is of great assistance in pilot waters. If the vessel 
is following a channel, each buoy should be located successively. If the fog is dense, 
this requires careful steering and attention to all details, such as indications of current, 
changes of wind, etc. If a single buoy is missed, consideration should be given to an- 
choring and waiting for improved visibility. 

With the possible exception of radar, the most important navigational aid during 
fog in pilot waters is the echo sounder, sounding machine, or hand lead. Continuous 
soundings, compared with the chart, can provide valuable information on the position 
and safety of the vessel. The decision as to whether to plot a line of soundings on trans- 
parent material, or along the edge of a piece of paper, and compare this with the chart is 
a matter of judgment. In general, the procedure is valuable when approaching a 
harbor or proceeding in an open part of a large bay, but in a channel or other restricted 
waters the method is not needed and might prove distracting. 

During fog one should keep a sharp lookout for any objects that might appear 
momentarily through thin places in the fog. It is well to have a lookout stationed 
aloft, and another in the bow, for the visibility may vary with height. 

The lookouts and all persons on the bridge should listen intently for fog signals. 
As soon as such a signal is heard, an effort should be made to identify its source and 
determine its bearing. However, experience in the use of sound signals indicates that 
they are not wholly reliable. In particular, relative intensity of a sound is not a reliable 
indication of its distance, or whether the distance is increasing or decreasing. A signal 
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may be totally inaudible in certain areas close to its source. Neither is its apparent 
direction always a correct indication of its actual direction. A fog signal may not be 
in operation when fog is present a short distance from a station but is unobserved from 
it. Transmission of sound through water is subject to uncertainties due principally to 
differences in density in different parts of the sea, causing the sound to be deflected. 

It is well to remember that at reduced speed the relative effect of current is cor- 
respondingly greater, since the effect of current is proportional to time, not to the 
speed of the vessel. 

2310. Navigation of small craft.—In principle, the navigation of small craft is 
the same as that of a large ship, but because of the shallower draft, greater maneuver- 
ability, and possible limitations of equipment of small craft, there are important dif- 
ferences. Small craft spend most of their time within sight of land, where navigation is 
largely a matter of piloting. They generally skirt the beach close enough to be able 
to reach safety in case of storm or fog, and since most of them are used primarily for 
pleasure, there is a natural tendency for the navigation to be a less continuous process 
than in larger craft. 

The equipment carried and the type of navigation employed depend primarily upon 
the use of the craft and the preference of the user. Ifa rowboat, canoe, or small sailboat 
is to be used only close to the shore in good weather, “seaman’s eye” might be sufficient 
for all navigational purposes. But if there is any possibility of the craft being out in a 
fog, or proceeding to greater distances from shore, fog-signalling apparatus, a compass, 
and some means of taking soundings should be carried. 

A wide variety of equipment is available for yachts, and from this, suitable items 
can be selected. A minimum list should include a compass, pelorus, charts, plotting 
equipment (many types are available), means for determining speed or distance, log 
book, tide and tidal current tables, light list, coast pilot or sailing directions, hand lead, 
binoculars, flashlight, and fog-signal apparatus. A barometer and thermometer are 
useful. 

Several items of electronic equipment, some of which are relatively inexpensive, 
are available for use in small craft, to aid in navigation and increase safety. The 
principal item of radio equipment, from the standpoint of safety, is a marine radio- 
telephone, which in addition to providing normal communication to other boats and 
the shore, permits the boat carrying it to call for help in distress, and assists in the loca- 
tion of the distressed vessel. The radio direction finder is a simple device requiring little 
power, an important factor on small craft. A multiband direction finder may be used 
as a second receiver in the broadcast and radiotelephone bands. Portable broadcast 
receivers permit reception of weather information on even the smallest boats. For 
larger craft, where ample power is available, radar and loran may be good investments. 
In addition, every small craft should carry a corner reflector (art. 1209), so as more 
readily to reflect radar signals. In an emergency a metal bucket might be of some 
value as a reflector. 

If the craft is to proceed out of sight of land for more than short intervals, celestial 
navigation equipment should be carried. This includes a sextant, an accurate time- 
piece, an almanac, sight reduction tables, and perhaps a star finder. If there is doubt 
as to advisability of including some item of equipment, the safer decision is to include it. 
It is better to have unused equipment than to risk danger of becoming lost because of 
lack of needed equipment. 

The practice of navigation in small craft varies even more widely than the equip- 
ment carried. The variation extends from complete navigation similar to that of a 
large ocean steamer to no navigation other than by eye. The completeness of the navi- 
gation should fit the circumstances. There is an understandable tendency among small 
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craft navigators of limited experience to underestimate the need for thorough and 
complete navigation. In general, it is good practice for the navigator of a small craft 
to establish the routine of always following definite courses from buoy to buoy or from 
landmark to landmark, so that the sudden onset of low visibility will not find him unable 
to proceed to safety without delay. He should change course at established points, 
maintain knowledge of his position at all times, and have reliable information on the 
deviation of his compass. There is a place in small craft navigation for a complete, 
accurate, neat plot. Where this is impractical because of heavy weather or limited 
plotting space, a careful log and dead reckoning by table 3 should be substituted. 

The accounts given in yachting magazines, and the large number of calls for assist- 
ance received by the Coast Guard, indicate an inadequacy of the navigation of many 
small craft. Part of this is due to a lack of appreciation of the need for careful naviga- 
tion. Much of it is due to lack of knowledge on the part of the small craft owner. 
The decision to omit some part of navigation should stem from knowledge, not ignorance. 
To the adequately informed, navigation can be part of the pleasure of yachting. 


CHAPTER XXIV 
SUBMARINE NAVIGATION 


2401. Introduction.—Submarines deserve special consideration, from a navigational 
viewpoint, because of their inherent or self-imposed limitations. Somewhat different 
techniques are used in each of four operating conditions, which will be considered 
separately. These are: (1) surfaced, (2) submerged by day and surfaced by night, 
(3) submerged at periscope depth, and (4) totally submerged. 

2402. Surfaced.—The navigation of a submarine on the surface is essentially the 
same as that of other vessels, but there are some special considerations. The amount 
and type of equipment available is limited somewhat by space. Most of it is housed 
inside the hull, where it can be available for use when the vessel is submerged. 

Careful dead reckoning by hand plot is important because of the lesser accuracy of 
mechanical equipment for this purpose. Speed or distance is measured as in other 
vessels. Direction measurement is dependent largely upon the gyro compass, because 
of the difficulty of adequately adjusting a magnetic compass heavily shielded by a steel 
hull. The areas of weak horizontal intensity of the earth’s field, in which the magnetic 
compass is unreliable (art. 2513), are larger for submarines than for other vessels. 
Normally, leeway is negligible. 

Piloting of submarines on the surface is carried on as in other vessels. However, 
the amount of exposed equipment is somewhat limited, as is the space for plotting and 
chart stowage. Because of the low height of eye, aids to navigation are not visible as 
far away as in other vessels of like size. At ten feet above the surface the horizon is 
only 3.6 miles away, while at 50 feet itis 8.1 miles distant. This may be an advantage 
when picking up a dark buoy, which may be more conspicuous against the background 
of a bright sky than against the darker water. 

Electronic navigation is available to the submarines equipped to use it, but again 
space limitations are a consideration. Most submarines are equipped with radar, 
radio direction finders, and loran, as well as sonar and echo-sounding equipment. The 
low antenna height restricts the range at which signals can be received in some cases, 
particularly with radar. 

With most of its hull under water, a submarine generally offers a steady platform 
for making celestial observations. However, if there is much of a sea, difficulty may 
be experienced in keeping the sextant mirrors dry, because the ship tends to go through 
the waves instead of riding over them. Because of the low height of eye, the state of 
the sea is an important consideration, and a correction for wave height (art. 1608) may 
be justified. If the sea is calm, excessive and somewhat unpredictable refraction may 
be encountered, particularly for heights of eye below about six feet. 

2403. Submerged by day and surfaced by night.—This condition is not unusual 
during war patrols. By day the ship proceeds largely by dead reckoning, which be- 
comes of even greater importance than on the surface, where ample means of checking 
its accuracy are usually available. Below the surface, where the ship is not buffeted 
by waves and wind, a steady course can be steered. The steadiness increases the re- 
liability of the gyro compass. Speed is determined by log or shaft revolutions. If the 
latter is being used, it is well to remember that when the submarine is proceeding near 
the bottom, its actual speed may be somewhat less than indicated. Dead reckoning 
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should be kept up-to-date by a careful hand plot. The mechanical equipment for this 
purpose provides a useful check, but is less accurate. Doppler or inertial navigation 
(art. 809) may prove useful in submarines. The ship’s inertial navigation system 
(SINS) is particularly promising. 

Because of the very slow speeds normally used by submarines dependent upon 
batteries, current is an important consideration. Its drift may equal or even exceed 
the speed of the ship through the water. Pilot charts give helpful information on sur- 
face currents, but both the set and drift of the current below the surface may differ 
considerably. In relatively shallow water the drift may be greater for a short distance 
below the surface, but generally the drift decreases with depth. Near the bottom, 
the drift is noticeably reduced by friction. All available knowledge of subsurface 
currents should be used, but information on the subject is far from complete. A device 
called the geomagnetic electrokinetograph, or GEK, has been successfully used to 
determine ocean currents by a surface vessel towing two electrodes. If this device can 
be further perfected and adapted for use by submerged submarines, it will remove one 
of the principal uncertainties of underwater navigation. 

It may not be advisable to take echo soundings because of the danger of revealing 
one’s presence, but when they can be obtained, allowance should be made for the 
depth of the submarine below the surface. 

Determination of sunset and the end of evening twilight has added significance to 
the crew of a submerged submarine in a war zone. In enemy waters it may not be 
safe to surface until full darkness has set in. By this time the visible horizon is gone, 
but if the sky is clear, there is no shortage of celestial bodies. If the moon is available, 
it may provide enough illumination to permit reasonably accurate altitude observations. 
However, false horizons frequently appear below a bright moon, and better results can 
usually be obtained by making back sights (art. 1633) of bodies near the moon’s azimuth. 

Some experiments have been made with night vision and star observations on a 
dark night. By thoroughly adapting their eyes to darkness and looking a little above 
or below the image of the body on the horizon, some navigators have reported accept- 
able results, using a relatively large number of observations. Most navigators using 
the method prefer a six-power telescope, as from a pair of binoculars, but others use no 
magnification and keep both eyes open. 

When using this method, it is particularly desirable to observe stars all around the 
horizon, so that any constant error in estimating the position of the horizon will have 
minimum effect. When taking such observations, it is essential that nothing be done 
to disturb the dark-adaptation of the eyes, which must operate at peak performance. 
The observer and the assistant timing the observations should stand back to back. 
The timer’s flashlight should be shielded so as to give a minimum of light needed for 
reading the watch. When the time has been noted and written down, the light should 
be turned off. The observer then hands the sextant to the assistant, who again faces 
away, turns on his light, and reads and records. the sextant altitude. He then turns 
off the light, hands the sextant back to the observer, and the routine is repeated for the 
next observation. A dim red or blue light is preferable, and safer in a war zone. It 
is good practice to take and time several observations of each body, alternately in- 
creasing and decreasing the altitude setting of the sextant. If the results are plotted 
on cross-section paper, using altitude versus time, it should be possible to determine the 
best shots for solution. | 

In fairing a line through the plotted points, it may be helpful to know the correct 
direction of the line. One way of determining this direction is by means of H.O. Pub. 
No. 214. Since At is the unit change in altitude (to two decimal places), 15 X At is the 
change for 15 minutes of are (one minute of time). However, this result is for a sta- 
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tionary observer. To correct for his motion, multiply the distance run in one minute 
by the cosine of the relative azimuth of the body. If the body is forward of the beam, 
add the correction to 15 X At if the body is rising, and subtract it if setting. For a 
body abaft the beam, reverse these signs. Having determined the change in altitude 
in one minute, draw a line at the slope indicated and move it parallel to itself until it 
best fits the plotted points. In fitting the line to the points, it is usually good practice 
to ignore the inconsistent shots. If At is changing rapidly, the change of altitude with 
time is not satisfactorily represented by a straight line, and should be plotted as a curve. 
This is most apparent for a body near the meridian, particularly one at a high altitude. 
Once the line is located, any point on it can be taken as the observation, whether or not 
it coincides with a plotted point, as long as the corresponding time is used. Thus, any 
convenient time or altitude might be selected. 

Bubble or pendulum sextants (art. 1513) usually do not produce satisfactory 
results aboard ship because of the large acceleration errors produced by the motions 
of the vessel. However, it is desirable for a submarine to be provided with an 
artificial-horizon sextant, for there may be occasions when it affords the only available 
method of determining position, and the results may be of usable accuracy. With a 
reasonably smooth sea and a large number of observations, quite satisfactory results 
can be obtained. Since this instrument does not depend upon a visible horizon, the 
number of observations that can be obtained is limited only by the number of naviga- 
tional bodies visible, and the time available to the observer. The assumed positions for 
the various sights should all be advanced or retired to a common time before the lines 
of positions are plotted, so that no confusion can result from the presence of the addi- 
tional lines on the chart. For correction of artificial-horizon sextant altitudes, see 
article 1625. In using an artificial-horizon sextant, it may be desirable to make a num- 
ber of observations of each body and plot them as explained above. Since acceleration 
error is due mostly to rolling, better observations can often be made over the bow or 
stern. If conditions warrant, the ship should be headed directly toward or away from 
each body as it is observed. 

Whatever the method of observation, practice and some ingenuity are needed for 
best results. 

2404. Submerged at periscope depth.—At periscope depth the view is seriously 
restricted, but not entirely lost. Reasonably accurate bearings of landmarks can be 
obtained through the periscope. Electronic navigation is available if an antenna can 
be surfaced, or, in some cases, kept submerged near the surface. 

When the sun passes within a few degrees of the zenith, a number of azimuths can 
sometimes be measured by periscope before and after meridian transit. In using this 
information, it should be remembered that azimuth lines are great circles. Plot the 
geographical position at the time of each observation, and advance or retire it for the 
ship’s run, so that all sights are for a common time. Apply the conversion angle cor- 
rection from table 1 as for radio bearings, and plot the azimuth lines from the adjusted 
positions. Reasonably accurate results have been reported with this method when 
within about 400 miles of the geographical position of the sun. It can be used at 
greater distances if accurate azimuths can be obtained. The method requires a good 
level and cross-level of the periscope, and practice. For best results plot the azimuths 
against time on cross-section paper. Fair a curve through the plotted points, ignoring 
inconsistent observations. The points to use for plotting the azimuth lmes on the 
chart or plotting sheet are taken at uniform intervals along the curve. If plotting is 
done on a gnomonic chart, conversion angle is not applied. However, because of 
the very small scale of these charts, plotting must be done carefully if accurate results 
are to be obtained. Lambert conformal charts can be used, but with some loss of 
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accuracy. ‘The method can be used for similar observations of the moon, planets, and 
stars, if observations of these bodies can be made and the bodies identified. If a 
single body is used, the best times are just before and just after meridian transit, when 
the azimuth changes most rapidly and the ship is nearest the geographical position of 
the body. The principal limitation of the method is the accuracy with which azimuths 
can be observed. Unless the sea is almost a flat calm, the distance limitations are 
severe, and considerable skill is needed for good results under any conditions. 

Some success has been obtained with altitude observations by means of the per- 
iscope, but this is difficult at best, and is limited to low altitudes. At low-power 
magnification, altitudes as high as 25° can be measured, but at high power the method 
is limited to about 7°. For good results the periscope should be accurately in the vertical, 
and steady. One method of obtaining the altitude is by counting the graduations of 
the vertical scale between the horizon and the body. Some navigators prefer the 
use of the periscope stadimeter, which may give satisfactory results in either of two 
ways. First, it may be offset so that the zero line of its vertical scale coincides with a 
selected line (as at 5° or 6°) of the periscope field. This causes a false horizon to appear 
at the selected periscope field line. As a body appears to cross this false horizon, 
it is at the selected altitude. A variation of this method is to offset the stadimeter 
zero line until the false horizon appears at the body, when the amount of the offset is 
the altitude. The second way of using the stadimeter is to read the distance correspond- 
ing to some arbitrarily chosen height. This height divided by the corresponding dis- 
tance is the tangent of the altitude, which can be found in table 31. Better results 
might be obtained by noting the moment at which the lower or upper limb of the sun 
or moon is tangent to the horizon (or a planet or star crosses the horizon), and using 
the altitude as 0°00‘0, than by attempting to measure a low altitude through the 
periscope. Correction of low-altitude observations is explained in article 1632. 

Solution of low-altitude observations can be made by virtually any method, 
including H.O. Pub. No. 214. Low-altitude sight reduction is discussed in article 
2010. 

2405. Totally submerged.—The navigation of a totally submerged submarine is a 
problem which has not been fully solved. Some of the methods being developed or in 
use cannot be discussed because of security limitations. However, the following infor- 
mation should serve as a useful guide. 

Dead reckoning, the basic form of navigation under virtually any conditions, is 
of increased importance to the totally submerged submarine. Submerged dead 
reckoning is discussed in article 2403. 

Soundings can be used to help establish position in an area where a reliable chart 
of the bottom configuration is available, if allowance is made for the depth of the 
submarine below the surface. Sonar (art. 1108) can sometimes be useful in avoiding 
obstacles or even in locating position when there are identifiable, charted targets. 
Both sofar and rafos (art. 1313) can be used when available. 

Electronic navigation has limited application unless an antenna is above water. 
However, very low frequency signals penetrate sea water to some extent, and if the 
submerged antenna can be placed close to the surface, usable signals can sometimes be 
obtained at great distances. These frequencies are little used for navigational informa- 
tion, but increased requirements for navigation below the surface will undoubtedly 
result in additional development in this part of the spectrum. 

A useful method of submerged navigation might be based upon measurement of 
any quantity that varies from place to place in a known pattern, such as gravity or 
some element of the earth’s magnetism, some form of radiation, or even water temper- 
ature or salinity. The use of such a method would require an instrument to provide 
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sufficiently accurate measurements, and an accurate chart showing the pattern at the 
time of observation. This would be similar to using bottom contours. Since a method 
of this type might often provide lines of position only, two or more methods may be 
needed to establish a fix. 

Celestial navigation is not used by a totally submerged submarine. 

The navigation of a submarine which remains below the surface for long periods, 
with nothing extending above water, presents a challenge that is partly met by making 
full use of every item of applicable information, and applying a generous amount of 
judgment and common sense. 


CHAPTER XXV 
POLAR NAVIGATION 


Polar Regions 


2501. Introduction.—No single definition of the limits of the polar regions satisfies 
the needs of all who are interested in these areas. Astronomically, the parallels of lati- 
tude at which the sun becomes circumpolar (the arctic and antarctic circles at about 
latitude 67°5) are considered the lower limits. Meteorologically, the limits are irregular 
lines which, in the arctic, coincides approximately with the tree line. For general 
purposes, the navigator may consider polar regions as extending from the geographical 
poles of the earth to latitude 70° (in the arctic coinciding approximately with the 
northern coast of Alaska), with transitional sub-polar regions extending for an addi- 
tional 10° (in the northern hemisphere extending to the southern tip of Greenland). 

This chapter deals primarily with marine navigation in high latitudes. Information 
relating to navigation ashore is given in chapter XXVII. 

2502. Polar geography.—The north polar region, the arctic, consists of an elongated 
central water area a little smaller than the United States, almost completely sur- 
rounded by land (fig. 2502a). Some of this land is high and rugged with permanent 
ice caps, but part of it is low and marshy when thawed. Underlying permafrost, 
permanently frozen ground, prevents adequate drainage, resulting in large numbers 
of lakes and ponds and extensive areas of muskeg, soft spongy ground with character- 
istic growths of certain types of moss and tufts of grass or sedge. There are also large 
areas of tundra, low treeless plains with vegetation consisting of mosses, lichens, shrubs, 


Figure 2502a.—The north polar region, or arctic. 
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Figure 2502b.—The south polar region, or antarctic. 


willows, etc., and usually having an underlying layer of permafrost. The northernmost 
point of land is Kap Morris Jesup, Greenland, about 380 nautical miles from the pole. 

The central part of the Arctic Ocean, as the body of water is called, is a basin of 
about 12,000 feet average depth. However, the bottom is not level, having a number of 
seamounts and deeps. The greatest depth is probably a little more than 16,000 
feet. At the north pole the depth is 14,150 feet. Surrounding the polar basin is an 
extensive continental shelf, broken only in the area between Greenland and Svalbard 
(Spitsbergen). The many islands of the Canadian archipelago are on this shelf. The 
Greenland Sea, east of Greenland; Baffin Bay, west of Greenland; and the Bering Sea, 
north of the Aleutians, each has its independent basin. In a sense, the Arctic Ocean 
is an arm of the Atlantic, as shown in figure 2502a. 

The south polar region, the antarctic, is in marked contrast to the arctic in physio- 
graphical features. Here a high, mountainous land mass about twice the area of the 
United States is surrounded by water (fig. 2502b). An extensive polar plateau covered 
with snow and ice is about 10,000 feet high. There are several mountain ranges with 
peaks rising to heights of more than 13,000 feet. The average height of Antarctica 
is about 6,000 feet, which is higher than any other continent. The height at the south 
pole is about 9,500 feet.. The barrier presented by land and tremendous ice shelves 
500 to 1,000 feet thick prevent ships from reaching very high latitudes. Much of 
the coast of Antarctica is high and rugged, with few good harbors or anchorages. 

2503. Navigation in polar regions.—Special techniques have been developed to 
adapt navigation to the unique conditions of polar regions. These conditions are 
largely the result of (1) high latitude, and (2) meteorological factors. 

2504. High-latitude effects.—Much of the thinking of the marine navigator is 
in terms of the “rectangular” world of the Mercator projection, on which the meridians 
are equally spaced, vertical lines perpendicular to the horizontal parallels of latitude. 
Directions are measured relative to the meridians, and are maintained by means of a 
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magnetic or gyro compass. A straight line on the chart is a rhumb line, the line used for 
ordinary purposes of navigation. Celestial bodies rise above the eastern horizon, climb 
to a maximum altitude often high in the sky as they cross the celestial meridian, and 
set below the western horizon. By this motion the sun divides the day naturally into 
two roughly equal periods of daylight and darkness, separated by relatively short 
transitional periods of twilight. The hour of the day is associated with this daily 
motion of the sun. 

In polar regions conditions are different. Meridians all converge at the poles, 
which are centers of series of concentric circles constituting the parallels of latitude. 
The rapid convergence of the meridians renders the usual convention of direction in- 
adequate for some purposes. A rhumb line is a curve which differs noticeably from a 
great circle, even for short distances. Even visual bearings cannot adequately be 
represented as rhumb lines. At the pole all directions are south or north, depending 
upon the pole. Direction in the usual sense is replaced by longitude. 

At the pole the zenith and celestial pole coincide. Hence, the celestial horizon 
and celestial equator also coincide, and declination and computed altitude are the same. 
Therefore, celestial bodies change computed altitude only by changing declination. 
Stars circle the sky without noticeable change in altitude. Planets rise and set once 
each sidereal period (12 years for Jupiter, 30 years for Saturn). At the north pole 
the sun rises about March 21, slowly spirals to a maximum altitude of about 23°27’ 
near June 21, as slowly spirals downward to the horizon about September 23, and then 
disappears for another six months. At the south pole a similar cycle takes place but 
during the opposite time of year. It requires about 32 hours for the sun to cross the 
horizon, during which time it circles the sky 1% times. The twilight periods following 
sunset and preceding sunrise last for several weeks. The moon rises and sets about 
once each month. Half the sky is always visible and the other half is never seen. 

The long polar night is not wholly dark. The full moon at this time rises relatively 
high in the sky. Light from the aurora borealis in the arctic and the aurora australis 
in the antarctic is often quite bright, occasionally exceeding that of the full moon. 
Even the planets and stars contribute an appreciable amount of light in this area where 
a snow cover provides an excellent reflecting surface. 

All time zones, like all meridians, meet at the poles. Local time does not have its 
usual significance, since the hour of the day bears no relation to periods of light and 
darkness or to altitude of celestial bodies. 

2505. Meteorological effects.—Polar regions are cold, but the temperature at sea 

is not as extreme as inland. The average winter temperature over the Arctic Ocean 
is (—) 30°F to (—) 40°F, with an extreme low value near (—) 60°F. Colder tempera- 
tures have been recorded in Yellowstone National Park. During the summer the 
temperature remains above freezing over the ocean. Inland, extreme values are some- 
times reached. At least one point on the arctic circle has experienced a temperature 
of 100° F. Few points on the antarctic continent have recorded temperatures above 
freezing, and the interior is probably the coldest part of the world. 
Fog and clouds are common in polar regions, yet there is less precipitation than 
In some desert regions, since the cold air has small capacity for holding moisture. 
Very cold air over open water sometimes produces steaming of the surface, occasionally 
to a height of several hundred feet. This is called frost smoke or sea smoke (fig. 
2505). When there is no fog or frost smoke, the visibility is often excellent. 
Sounds can sometimes be heard at great distances. 

Sharp discontinuities or inversions in the temperature lapse rate sometimes produce 
a variety of mirages and extreme values of refraction. The sun has been known to rise 
several days before it was expected in the spring. False horizons are not uncommon. 
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Strong winds are common in the sub-arctic and in both the antarctic and sub- 
antarctic. The belt of water surrounding Antarctica has been characterized as the 
stormiest in the world, being an area of high winds and high seas. Strong winds are 
not encountered over the Arctic Ocean. 

In the polar and sub-polar regions the principal hazard to ships is ice, both that 
formed at sea and land ice which has flowed into the sea in the form of glaciers. Many 
low land areas are ice-free in summer. Ice is considered in more detail in chapter 
XXXVI. 

When snow obliterates surface features, and the sky is covered with a uniform 
layer of cirrostratus or altostratus clouds, so that there are no shadows, the horizon 


Figure 2505.—Frost smoke. 


disappears and earth and sky blend together, forming an unbroken expanse of white, 
without features. Landmarks cannot be distinguished, and with complete lack of 
contrast, distance is virtually impossible to estimate. This is called arctic (or antarctic) 
whiteout. It is particularly prevalent in northern Alaska during late winter and early 
spring. 

2506. Miscellaneous.—The cold surface water of the Arctic Ocean flows outward 
between Greenland and Svalbard and is replaced by warmer subsurface water 
from the Atlantic. The surface currents depend largely upon the winds, and are 
generally quite weak in the Arctic Ocean. However, there are a number of well- 
established currents flowing with considerable consistency throughout the year. The 
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general circulation in the arctic is clockwise on the American side and around islands, 
and counterclockwise on the Asian side. Tidal ranges in this area are generally small. 
In the restricted waters of the upper Canadian-Greenland area both tides and currents 
vary considerably from place to place. In the Baffin Bay-Davis Strait. area the cur- 
rents are strong and the tides are high, with a great difference between springs and 
neaps. In the antarctic, currents are strong, and the general circulation offshore is 
eastward or clockwise around the continent. Close to the shore, a weaker westerly or 
counterclockwise current may be encountered, but there are many local variations. 

Since both magnetic poles are situated within the polar regions, the horizontal 
intensity of the earth’s magnetic field is so low that the magnetic compass is of reduced 
value, and even useless in some areas. The magnetic storms centered in the auroral 
zones (art. 2526) disrupt radio communications and alter magnetic compass errors. 
The frozen ground in polar regions is a poor conductor of electricity, another factor 
adversely affecting radio wave propagation. 

2507. Summary of conditions in polar regions.—The more prominent character- 
istic features associated with large portions of the polar regions may be summarized 
as follows: 

1. High latitude. 

2. Rapid convergence of meridians. 

3. Nearly horizontal diurnal motion of celestial bodies. 
4. Long periods of daylight, twilight, and semidarkness. 
5. Low mean temperatures. 

6. Short, cool summers and long, cold winters. 

7. High wind-chill factor. 

8. Low evaporation rate. 

9. Scant precipitation. 

10. Dry air (low absolute humidity). 

11. Excellent sound-transmitting conditions. 

12. Periods of excellent visibility. 

13. Extensive fog and clouds. 

14. Large number and variety of mirages. 

15. Extreme refraction and false horizons. 

16. Winter freezing of rivers, lakes, and part of the sea. 

17. Areas of permanent land and sea ice. 

18. Areas of permanently frozen ground. 

19. Large areas of tundra (arctic). 

20. Large areas of poor drainage, with many lakes and ponds (arctic). 

21. Large areas of muskeg (a grassy marsh when thawed) (arctic). 

22. Extensive auroral activity. 

23. Large areas of low horizontal intensity of earth’s magnetic field. 

24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 

26. Strong winds (antarctic). 

27. Frequent blizzards (antarctic). 

28. Large quantities of blowing snow. 


Charts 


2508. Projections.—In polar regions, as elsewhere, the chart is an important item 


of navigational equipment. The projections used for polar charts are considered in 
articles 321 and 322. 


POLAR NAVIGATION 617 


For ordinary navigation the Mercator projection has long been the overwhelming 
favorite of marine navigators, primarily because a rhumb line appears as a straight line 
on this projection. Even in high latitudes the mariner has exhibited an understandable 
partiality for Mercator charts, and these have been used virtually everywhere that ships 
have gone. 

However, as the latitude increases, the superiority of the Mercator projection 
decreases, primarily because the value of the rhumb line becomes progressively less. 
At latitudes greater than 60° the decrease in utility begins to be noticeable, and beyond 
latitude 70° it becomes troublesome. In the clear polar atmosphere, visual bearings are 
observed at great distances, sometimes 50 miles or more. The use of a rhumb line to 
represent a bearing line introduces an error at any latitude, but at high latitudes this 
error becomes excessive. 

Another objection to Mercator charts at high latitudes is the increasing rate of 
change of scale over a single chart. This results in distortion in the shape of land masses 
and errors in measuring distances. 

At some latitude the disadvantages of the Mercator projection outweigh its 
advantages. The latitude at which this occurs depends upon the physical features of 
the area, the configuration and orientation of land and water areas, the nature of the 
operation, and, mostly, upon the previous experience and personal preference of the 
mariner. Because of differences of opinion in this matter, a transitional zone exists 
in which several projections may be encountered. The wise high-latitude navigator 
is prepared to use any of them, since coverage of his operating area may not be adequate 
on his favorite projection. 

2509. Adequacy.—Charts of most polar areas are generally inferior to those of | 
other regions in at least three respects: 

1. Lack of detail. Polar regions have not been surveyed with the thoroughness 
needed to provide charts of the accustomed detail. Relatively few soundings are 
available and many of the coastal features are shown by their general outlines only. 
Large areas are perennially covered by ice, which presents a changing appearance as 
the amount, position, and the character of the ice change. Heavy covers of ice and 
snow prevent accurate determination of surface features of the earth beneath. Added 
to this is the similarity between adjacent land features where the hundreds of points 
and fiords in a rugged area or the extensive areas of treeless, flat coastal land in another 
look strikingly alike. The thousands of shallow lakes and ponds along a flat coastal 
plain lack distinctive features. 

2. Inaccuracy. Polar charts are based upon incomplete surveys and reports of 
those who have been in the areas. These reports are less reliable than in other areas 
because icebergs are sometimes mistaken for islands, ice-covered islands are mistaken 
for grounded icebergs, shore lines are not easy to detect when snow covers both land 
and attached sea ice, inlets and sounds may be completely obscured by ice and snow, 
and meteorological conditions may introduce inaccuracy in determination of position. 
Consequently, many features are inaccurately shown in location, shape, and size, and 
there are numerous omissions. Isogonic lines, too, are based upon incomplete informa- 
tion, resulting in less than desired accuracy. 

3. Coverage. Relatively few nautical charts of polar regions are available, and 
the limits of some of these are not convenient for some operations. As in other areas, 
charts have been made as the need has arisen. Hence, large-scale charts of some areas 
are completely lacking. Aeronautical charts are sometimes quite helpful, as they often 
show more detail of land areas than do the nautical charts. However, aeronautical 
charts do not show soundings. 
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2510. Polar grid.—Because of the rapid convergence of the meridians in polar 
regions, the true direction of an oblique line near the pole may vary considerably over 
a relatively few miles. The meridians are radial lines meeting at the poles, instead of 
being parallel, as they appear on the familiar Mercator chart. 

Near the pole the convenience of parallel meridians is attained by means of a 
polar grid. On the chart a number of lines are printed parallel to a selected reference 
meridian, usually that of Greenwich. On transverse Mercator charts the fictitious 
meridians may serve this purpose. Any straight line on the chart makes the same angle 
with all grid lines. On the transverse Mercator projection it is therefore a fictitious 
rhumb line. On any polar projection it is a close approximation to a great circle. If 
north along the reference meridian is selected as the reference direction, all parallel 
grid lines can be considered extending in the same direction. The constant direction 
relative to the grid lines is called grid direction. North along the Greenwich meridian 
is usually taken as grid north in both the northern and southern hemispheres. 

The value of grid directions is indicated in figure 2510. In this figure A and B 
are 400 miles apart. The true bearing of B from A is 023°, yet at B this bearing line, 
if continued, extends in true direction 163°, a change of 140° in 400 miles. The grid 
direction at any point along the bearing line is 103°. 

When north along the Greenwich meridian is used as grid north, interconversion 
between grid and true directions is quite simple. Let G represent a grid direction and 
T the corresponding true direction. Then for the arctic, 


G=T+)W. 


That is, in the western hemisphere, in the arctic, grid direction is found by adding 
the longitude to the true direction. From this it follows that 


T=G-AW, 
and in the eastern hemisphere 

G=T—)E, 

T=G+ dE. 


In the southern hemisphere the signs (+ or —) of the longitude are reversed in all 
formulas. 

If a magnetic compass is used to follow a grid direction, variation and convergency 
can be combined into a single correction called grid variation or grivation. It is cus- 
tomary to show lines of equal grivation on polar charts rather than lines of equal varia- 
tion. Hydrographic Office chart number 1706 GN shows the isogrivs (lines of equal 
grivation) for the entire arctic. 

With one modification the grid system of direction can be used in any latitude. 
Meridians 1° apart make an angle of 1° with each other where they meet at the pole. 
The convergency is one, and the 360° of longitude cover all 360° around the pole. At 
the equator the meridians are parallel and the convergency is zero. Between these two 
limits the convergency has some value between zero and one. Ona sphere it is equal to 
the sine of the latitude. For practical navigation this relationship can be used on the 
spheroidal earth. Ona simple conic or Lambert conformal chart a constant convergency 
is used over the entire chart, and is known as the constant of the cone. Ona simple 
conic projection it is equal to the sine of the standard parallel. Ona Lambert conformal 
projection it is equal (approximately) to the sine of the latitude midway between the 
two standard parallels. When convergency is printed on the chart, it is generally ad- 
justed for ellipticity of the earth. If K is the constant of the cone, 


K=sin } (L,+1,), 


“a 
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where L, and L; are the latitudes of the two standard parallels. On such a chart, grid 


navigation is conducted as explained above, except that in each of the formulas the 
longitude is multiplied by K: 


G=T+e Kaw! 
G=T—K 5; 
T=G-+K dE. 


Thus, a straight line on such a chart changes its true direction, not by 1° for each degree 
of longitude, but by K°. As in higher latitudes, convergency and variation can be 

combined. 

In using grid navigation one should keep clearly in mind the fact that the grid lines 

are parallel on the chart. Only on the transverse Mercator and polar gnomonic pro- 
jections do the grid lines have geographical significance. On these projections, the 

grid lines are great circles which meet at ‘‘poles” on the equator, 90° from the meridian 
used as the fictitious equator. Since distortion varies on charts of different projections, 
and on charts of conic projections having different standard parallels, the grid direction 


Figure 2510.—Polar grid navigation. 


620 POLAR NAVIGATION 


between any two given points is not the same on all charts. For operations which are to be 
coordinated by means of grid directions, it is important that all charts showing the grid 
be on a single graticule. 

Except for nuclear powered submarines, ships seldom reach such high latitudes 
that grid navigation with full convergency of one is used. In the sub-polar regions in 
which most high-latitude surface ship navigation is conducted, a grid on a suitable 
projection should be available. 

2511. Plotting on polar charts, as on other charts, involves the measurement of 
distance and direction. On a Mercator chart this is done as in lower latitudes. How- 
ever, as latitude increases, expansion of the latitude scale increases at a more rapid 
rate. For accurate results, it is essential that distances be measured in relatively short 
steps and that an accurate mid latitude be used for each step, as shown in figure 2511a. 
As latitude increases, the departure of a rhumb line from a great circle becomes greater, 
and rhumb lines lose some of their value. If they are used to approximate a great circle, 
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as in great-circle sailing, shorter legs are needed to retain a good approximation. Even 
visual bearing lines cannot accurately be represented by rhumb lines if the distance is 
great, unless a Mercator correction (tab. 1) is applied as in the case of radio bearings. 
Such reasons indicate using more suitable projections in high latitudes. 

On a chart with converging meridians, as one on the Lambert conformal projection, 
distance is measured by means of the latitude scale, as on a Mercator chart, but this 
scale is so nearly constant that any part of it can be used without introducing a sig- 
nificant error. A mile scale is sometimes shown in or near the margin of such a chart, 
and can be used anywhere on that chart. 

Since the meridians converge, a straight line makes a different angle with each 
meridian, as shown in figure 2510. For this reason, compass roses are not customarily 
shown on such a chart. If they do appear, each one applies only to the meridian on 
which it is located. The navigator accustomed to using a Mercator chart can easily 
forget this point, and hence will do well to ignore compass roses. If a drafting machine 
is used, it should be aligned with the correct meridian each time a measurement is made. 
Since this precaution can easily be overlooked, especially by a navigator accustomed to 
resetting his drafting machine only when the chart is moved, and since the resulting 
error may be too small to be apparent but too large to ignore, it is good practice to 
discard this instrument when the Mercator chart is replaced by one with converging 
meridians, unless positive steps are taken to prevent error. : 

The most nearly fool-proof and generally the most satisfactory method of measur- 
ing directions on a chart with converging meridians is to use a protractor, or some kind 
of plotter combining the features of a protractor and straightedge. One of the most 
popular is the type B-2 aircraft plotter (fig. 2511b) available to U.S. naval activities 
from the Aviation Supply Office at Philadelphia, or the AN plotter (or commercial 
counterpart) shown in figure 2511c. 


ar aes Tt 


PIVOT HOLE OVER 
MID MERIDIAN 


READ COURSE 050° ON INNER 
SCALE AT MID MERIDIAN 


Figure 2511b.— Measuring a course on a Lambert conformal chart, by B-2 aircraft 
plotter. Note that measurement is made at the mid meridian. 


622 POLAR NAVIGATION 


If a course is to be meas- 
ured, the mid meridian of each 
leg should be used, as shown in 
figure 2511b. If-a bearing is 
to be measured, the meridian 
nearest the point at which the 
bearing was determined should 
be used, as shown in figure 
251lc. Thus, in the usual case 
of determining the bearing of a 
READ BEARING 315° ON INNER landmark from a ship, the 
See NN REARS meridian nearest the ship should 
be used. In using either of the 
plotters shown in figures 2511b 
or 251lc, note that the center 
hole is placed over the meridian 
used, the straightedge part is 
placed along the line to be 
drawn or measured, and the 

PIVOT HOLE OVER “ angle is read on the protractor at 
MERIDIAN NEAREST A »S the same meridian which passes 

: under the center hole. It is 
sometimes more convenient to 
invert the plotter, so that 
the protractor part extends 


Fieure 2511c.— Measuring a bearing on a Lambert conformal Of the opposite side of the 
chart, by AN plotter. Note that measurement is made at straightedge. 


the meridian nearest the ship. For plo t ting eri d directions, 
angles are measured from grid north, using any grid meridian. Any convenient 
method can be used. If a protractor or plotter is being used for plotting grid 
directions, it is usually desirable to use the same instrument for plotting true direc- 
tions. The distance is the same whether grid or true directions are used. 


Dead Reckoning 


2512. Polar dead reckoning.—In polar regions, as elsewhere, dead reckoning 
involves measurement of direction and distance traveled, and the use of this information 
for determination of position. 

Direction is normally determined by a compass, but in polar regions both magnetic 
and gyro compasses are subject to certain limitations not encountered elsewhere. 
However, the navigator who thoroughly understands the use of these instruments in 
high latitudes can get much useful information from them. It is wise to carry, in 
addition, some form of celestial compass, discussed in article 2515. The polar navigator 
should not overlook the value of radar tracking or visual tracking for determining 
direction of motion. This is discussed in article 2516. 

Speed or distance is normally measured by log or engine revolution counter, but 
these methods are not entirely suitable when the ship is operating in ice. The problem 
of determining speed or distance in ice is discussed in article 2516. 

2513. The magnetic compass depends for its directive force upon the horizontal 
intensity of the magnetic field of the earth. As the magnetic poles are approached, 
this force becomes progressively weaker until at some point the magnetic compass 
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becomes useless as a direction-measuring device. In a marginal area it is good practice 
to keep the magnetic compass under almost constant scrutiny, as it is somewhat erratic 
in dependability and its errors may change rapidly. Frequent compass checks by 
celestial observation or any other method available are wise precautions. A log of 
compass comparisons and observations is useful in predicting future reliability. 

The magnetic poles themselves are somewhat elusive, since they participate in 
the normal diurnal, annual, and secular changes in the earth’s field, as well as the more 
erratic changes caused by magnetic storms. Measurements indicate that the north 
magnetic pole moves within an elongated area of perhaps 100 miles in a generally 
north-south direction and somewhat less in an east-west direction. Normally, it is at 
the southern end of its area of movement at local noon and at the northern extremity 
twelve hours later, but during a severe magnetic storm this motion is upset and becomes 
highly erratic. Because of the motions of the poles, they are sometimes regarded as 
areas rather than points. There is some evidence to support the belief that several 
secondary poles exist, although such alleged poles may be anomalies (local attractions), 
possibly of intermittent or temporary existence. Various severe anomalies have been 
located in polar areas and others may exist. 

The continual motion of the poles may account, at least in part, for the large 
diurnal changes in variation encountered in high latitudes. Changes as large as 10° 
have been reported. 

Measurements of the earth’s magnetic field in polar regions are neither numerous 
nor frequent. The isogonic lines in these areas are close together, resulting in rapid 
change in short distances in some directions, and their locations are imperfectly known. 
As a result, charted variation in polar regions is not of the same order of accuracy as 
elsewhere. 

The decrease in horizontal intensity encountered near the magnetic poles, as 
well as magnetic storms, affects the deviation. Any deviating magnetic influence re- 
maining after adjustment, which is seldom perfect, exerts a greater influence as the 
directive force decreases. It is not uncommon for residual deviation determined in 
moderate latitudes to increase 10- or 20-fold in marginal areas. Interactions between 
correctors and compass magnets exert a deviating influence that may increase to a 
troublesome degree in high latitudes. The heeling magnet, correcting for both per- 
manent and induced magnetism, is accurately located only for one magnetic latitude. 
Near the magnetic pole its position might be changed, but this may induce sufficient 
magnetism in the Flinders bar to more than offset the change in deviation due to the 
change in the position of the heeling magnet. The relatively strong vertical intensity 
may render the Flinders bar a stronger influence than the horizontal field of the earth. 
When this occurs, the compass reading remains nearly the same on any heading. 

Another effect of the decrease in the directive force of the compass is a greater 
influence of frictional errors. This, combined with an increase in the period of the 
compass, results in greatly increased sluggishness in its return to the correct reading 
after being disturbed. For this reason the compass performs better in a smooth sea 
free from ice than in an ice-infested area where its equilibrium is frequently upset by 
impact of the vessel against ice. 

Magnetic storms affect the magnetism of a ship as well as that of the earth. 
Changes in deviation of as much as 45° have been reported during severe magnetic 
storms, although it is possible that such large changes may be a combination of 
deviation and variation changes. 

The area in which the magnetic compass is of reduced value cannot be stated in 
specific terms. In general, a remote-reading Flux Gate compass performs as well or 
better than a regular compass. A magnetic compass in an exposed position performs 
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better than one in a steel pilot house. The performance of the compass varies consider- 
ably with the type of compass, sensitiveness and period, thoroughness of adjustment, 
location on the vessel, and magnetic properties of the vessel. It also varies with local 
conditions. 

In a very general sense the magnetic compass can be considered of reduced re- 
liability when the horizontal intensity is less than 0.09 oersted, erratic when the field 
is less than 0.06 oersted, and useless when it is less than 0.03 oersted. The extent of these 
areas in the northern hemisphere is indicated in figure 2513. Similar areas extend 


FicurE 2513.—Arctic areas in which the magnetic compass is of reduced value. Inside the 
curves representing the 0.09, 0.06, and 0.03 oersted values of horizontal intensity the 
compass can be considered of reduced reliability, erratic, and useless, respectively. 


around the south magnetic pole, which is located at latitude 68°S, longitude 144° ER, 
not far from the eastern shore of the Ross Sea. Hydrographic Office charts 1701 N and 
1701S show lines of equal horizontal intensity in the north and south polar regions, 
respectively. However, the effectiveness of the magnetic compass is influenced also 
by local conditions. A compass on a vessel making a voyage through the islands of 
the Canadian archipelago has been reported to give fair indication of direction in certain 
small areas where the horizontal intensity is less than 0.02 oersted, yet to be useless 
at some places where the horizontal intensity is greater than 0.04 oersted. 
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Despite its various limitations, the magnetic compass is a valuable instrument in 
much of the polar regions, where the gyro compass is also of reduced reliability. With 
careful adjustment, frequent checks, and a record of previous behavior, the. polar 
navigator can get much useful service from his instrument. 

When a compass is subjected to extremely low temperatures, there is danger of 
the liquid freezing. Sufficient heat to prevent this can normally be obtained from the 
compass light, which should not be turned off during severe weather. 

2514. The gyro compass depends for its operation upon the rotation of the earth 
about its axis. Its maximum directive force is at the equator, where the axis of the 
compass is parallel to the axis of the earth. As the latitude increases, the angle between 
these two axes increases. At the geographical poles the gyro compass has no directive 
force. 

The gyro compass is generally reliable to latitude 70°. At higher latitudes the 
disturbing effect of imperfections in compass or adjustment is magnified. Latitude 
adjustment becomes critical. Speed error increases as the speed of the vessel ap- 
proaches the rotational speed of the earth. Ballistic deflection error becomes large 
and the compass is slow to respond to correcting forces. Frequent changes of course 
and speed, often necessary when proceeding through ice, introduce errors which are 
slow to settle out. The impact of the vessel against ice deflects the gyro compass. 
which does not return quickly to the correct reading. 

The error increases and becomes more erratic as the vessel proceeds to higher 
latitudes. Extreme errors as large as 27° have been reported at latitudes greater than 
82°. The gyro compass probably becomes useless at about latitude 85°. At latitude 
70° the gyro error should be determined frequently, perhaps every four hours, by means 
of celestial bodies when these are available. As the error increases and becomes more 
erratic, with higher latitude, it should be determined more frequently. In heavy ice 
at extreme latitudes an almost constant check is desirable. The gyro and magnetic 
compasses should be compared frequently and a log kept of the results of these com- 
parisons and the gyro error determinations. 

Most gyro compasses are not provided with a latitude correction setting above 70°. 
Beyond this, correction can be made by either of two methods: (1) set the latitude 
and speed correctors to zero and apply a correction from a table or diagram obtainable 
from the manufacturer of the compass, or constructed as explained in article 640; or 
(2) use an equivalent latitude and speed setting. Both of these methods have proved 
generally satisfactory, although the second is considered superior to the first because 
it at least partly corrects for errors introduced by a change in course. At least one 
gyro compass has been made with provision for setting the latitude corrector to 80°. 
As experience in high latitudes accumulates, improved gyro compass performance will 
undoubtedly become available. In certain later types of gyro compasses, facilities for 
their operation as directional gyros even to the poles is provided. 

2515. Celestial compasses.—In some areas neither the magnetic nor gyro compass 
provides adequate directional reference. In all areas of reduced compass reliability 
frequent celestial checks are desirable. Several instruments are available for making 
the celestial observations needed for determining heading in this manner. 

A pelorus, alidade, or azimuth circle can be used for measuring the relative or 
compass azimuth of a celestial body. Compass azimuth can then be compared with 
a computed true azimuth to determine compass error. However, this can become 
tedious and time-consuming when frequent heading checks are needed. Several in- 
struments provide a quick mechanical solution. 
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A sun compass indicates direction by means of a shadow cast by a shadow pin 
exposed to sunlight. The course on a horizontal, graduated azimuth dial is set opposite 
a lubber’s line aligned with the fore-and-aft axis of the vessel. By means of another 
dial adjusted by a latitude scale so as to be parallel to the plane of the equator, the 
shadow pin, perpendicular to the plane of this dial and hence parallel to the polar 
axis of the earth, is set to the local apparent time. When the vessel is on course, the 
shadow of the pin falls across the center of the local apparent time dial. In some 
models the local apparent time is maintained by clockwork; in others it is set frequently 
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Figure 2515.—An astro compass. 


by hand. The latitude and local apparent time (which varies with longitude) settings 
are adjusted from time to time to agree with the changing position of the vessel. The 
instrument is usable only when the sun is visible and when a knowledge of the position 
is available. 

An astro compass is similar in principle to a sun compass, but is usable with any 
celestial body. When the device is set to the latitude of the observer and the local 
hour angle and declination of the body, and rotated until the sighting assembly points 
toward the body, the true heading is indicated at the lubber’s line. This device is 
illustrated in figure 2515. 
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A sky compass indicates direction by means of the polarizing effect of the earth’s 
atmosphere on sunlight. Unpolarized sunlight, upon entering the earth’s atmosphere, 
is scattered and becomes plane polarized, its vibrations being in a plane perpendicular 
to the line from the sun to the observer. When the sun is on the horizon, this plane 
is vertical. By means of a suitable analyzer of Polaroid material and Cellophane, the 
sky compass detects this plane and the vertical plane which is perpendicular to it, or 
in the direction of the sun. A possible 90° or 180° ambiguity exists, but this is not of 
practical significance because the relative brightness of the sky indicates which of the 
four possible directions is toward the sun. The instrument is set to local apparent 
time, and a clock maintains this time. The analyzer is then rotated until dark and light 
portions are of equal brightness, and the heading is indicated at the lubber’s line. 
Unlike the sun and astro compasses, the sky compass is maintained with its face in a 
level position, pointing at the zenith, which must be clear and unobstructed for an 
accurate reading. The sun itself need not be visible, and can even be several degrees 
below the horizon. Therefore, the compass can be used during twilight, when no 
other celestial bodies may be visible. For this reason it is sometimes called a twilight 
compass. It is most accurate when the zenith distance of the sun is 90°, and is seldom 
used when the sun is more than. a few degrees from the horizon. Its usefulness arises 
principally from the fact that twilight periods in high latitudes are of several hours 
duration, during which time no celestial body is visible unless the moon or a bright 
planet is above the horizon. 

Any celestial compass must be aligned with the fore-and-aft axis of the craft, 
and is limited in its usefulness to periods when the celestial body being observed (the 
zenith in the case of the sky compass) is visible. For accurate results certain parts 
must be kept level. Despite their limitations, these are useful instruments in high 
latitudes and a ship operating in these areas should be provided with one or more of 
them. 

2516. Distance and direction in ice.—In ice-free waters, distance or speed is 
determined by some form of log or by engine revolution counter. In the presence of 
ice, however, most logs are inoperative or inaccurate due to clogging by theice. Engine 
revolution counters are not accurate speed indicating devices when a ship is forcing 
its way through ice. With experience, one can estimate the speed in relation to ice, 
or a correction can be applied to speed by engine revolution counter. At best, however, 
these methods are seldom of the desired accuracy. 

If ranges and bearings of a land feature can be determined either visually or by 
radar, course and speed of the vessel or distance traveled over the ground can be 
determined by tracking the landmark and plotting the results. The feature used need 
not be identified. Ice can be used if it is grounded or attached to the shore. Course 
and speed or distance through the water can be determined by tracking a floating ice- 
berg or other prominent floating ice feature. However, an error may be introduced 
by this method if the effect of wind and current upon the floating feature is different 
than upon the ship. 

Example 1—The radar operator of a ship proceeding through ice measures the 
following bearings and ranges of a grounded iceberg: 


Time Bearing Range 

0835 028° 8,100 yds. 
0840 037° 7,600 yds. 
0845 047° 7,300 yds. 
0850 057° 7,000 yds. 


0855 066° 7,200 yds. 
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Figure 2516.—Determining course and speed by tracking an iceberg. 


Required.—The course and speed of the ship. 

Solution (fig. 2516).—The solution is conveniently made on a maneuvering board, 
H.O. 2665-10, but this form is not essential. 

(1) From &, representing the ship, plot points M,, M,, My, My, and M, repre- 
senting successive positions of the iceberg relative to the ship. 

(2) Fair a straight line through the points thus determined. 

(3) Measure the direction of line M,M;, 147°. This is the direction of the ice- 
berg relative to the ship. The direction of the ship’s motion relative to the iceberg 
is opposite, or 327°. Since the iceberg is stationary, this is the course of the ship. 

(4) Measure the length of line 14,M;, 5,000 yards or 2.5 miles. This is the dis- 
tance of relative motion, and since the iceberg is stationary, the distance traveled by 
the ship, in 20 minutes. The distance traveled in 60 minutes, or the speed, is 3X2.5= 
7.5 knots. This solution is shown by nomogram at the bottom of the maneuvering 
board. Vector er, represents the course and speed of the ship. 

Answers.—C 327°, S 7.5 kn. 
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Example 2.—Solve example 1 assuming the iceberg is estimated to be moving 
southwest at a speed of 1.5 knots. 

Solution (fig. 2516).—(1) Plot R, M,, M2, M3, My, and M; and fair a straight line 
as in example 1. 

(2) From e, plot em, the course and speed vector of the iceberg, locating point m. 

(3) Determine the direction and speed of the ship relative to the iceberg as in 
steps (3) and (4) of example 1. Lay this off from m, locating point r,. The vector 
ram is the relative movement of the iceberg with respect to the ship. 

(4) Draw er, the course and speed vector of the ship. 

Answers.—C 315°, 8 7.3 kn. 

If speed only is required, the method can be simplified. Elapsed time of tracking 
and the relative distance covered can be determined by plot, as indicated above, or 
possibly from the radar scope directly. Speed may then be determined by nomogram 
or by the formula s=%? in which S is the speed in knots, D the distance in miles, 
and T the time in minutes. If distance is given in yards, the formula is sa 30 

D 
100T 
further simplified because D or T becomes a constant. For instance, if a distance of 
five miles or 10,000 yards is used, s= or if a time interval of ten minutes is used, S= 
6D if D is in miles (35 if D is in yards, or on if D isin feet) 

1000 oe 72000 

This is the basis of the Dutchman’s log, which can be used without tracking. A 
ship traveling at one knot covers one mile or about 6076.1 feet in 60 minutes, or ap- 
proximately 100 feet per minute. A length of 100 feet, or some fraction or multiple of 
this, can be measured off in a fore-and-aft direction along the ship, and the ends of the 
measured length marked. For maximum accuracy the longest possible line should be 
used. A man is then stationed at each mark to note the time of passing some object 
dead in the water, such as a prominent ice feature or an opening in pack ice. The 


and if in feet, S= If a standard distance or time is used, the formula can be 


elapsed time between marks is measured and the speed calculated, using S= an if Dis 


measured in feet and T in minutes. In this application, T may be more conveniently 


_ 60D 3D i . 60 
measured in seconds, when S= 100T ~5T For D=100 feet, S= or speed is found by 
dividing the number of seconds into 60. Thus, if T=15 seconds, the speed is wa=4 
60200120... 7, _ 30 
knots. If D=200 feet, S= 100T T’ if D=50 feet, Sa? etc. 


Speed over the ground can be determined by two fixes. However, fixes relative 
to land are not suitable for this purpose unless the land is accurately located on the 
chart, or the same land features are used for both fixes. High-latitude electronic and 
celestial fixes, too, are sometimes of less than usual accuracy (arts. 2526-2535). 

2517. Tide, current, and wind.—Relatively little is known of tides and currents 
in the polar regions. The tables do not extend to these areas, but some information 
is given in the sailing directions. In general, tidal ranges are small, and the water 
in most anchorages is relatively deep. 

Currents in many coastal areas are strong and somewhat variable. When a vessel 
is operating in ice, the current is often difficult to determine because of frequent changes 
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in course and speed of the vessel and inaccuracies in the measurement of direction and 
distance traveled. 

In the vicinity of land, and in the whole antarctic area, winds are variable in 
direction, gusty, and often strong. Offshore, in the Arctic Ocean, the winds are not 
strong and are steadier, but ships rarely operate in this area. The wind in polar 
regions, as elsewhere, has two primary navigational effects upon vessels. First, its 
direct effect is to produce leeway. When a vessel is operating in ice, the leeway may 
be different from that in open water. It is well to determine this effect for one’s own 
vessel. The second effect is to produce wind currents in the sea. 

2518. Keeping the dead reckoning.—Because of the lack of facilities for fixing the 
position of a vessel in polar regions, accurate dead reckoning is even more important 
than elsewhere. The problem is complicated by the fact that the elements of dead 
reckoning, direction and distance, are usually known with less certainty than in lower 
latitudes. This only heightens the need for keeping the dead reckoning with all the 
accuracy obtainable. This may usually be accomplished by careful hand plotting on 
the available charts or plotting sheets. 

Mechanical dead reckoning equipment is generally less accurate than a carefully- 
kept hand plot. Older models of such equipment cannot be set to a higher latitude 
than 70°. Newer equipment has provision for setting to latitude 80°. Dead reckoning 
equipment has been used beyond its maximum range by setting to a lower latitude and 
applying a correction, but this procedure is of questionable advisability because of the 
error introduced by a gyro compass also operating beyond its range. This equipment 
is intended for use with the Mercator projection. When a different projection is used, 
better results are generally obtainable by setting the equipment to latitude 0°, and 
letting its latitude indications represent change in latitude, and its difference of longi- 
tude indications represent miles in an east-west direction. 


Piloting 


2519. Piloting in high latitudes is basically no different from that elsewhere. How- 
ever, in polar regions piloting is the primary method of marine navigation. As pre- 
viously indicated, dead reckoning is difficult and generally less accurate than in lower 
latitudes. Celestial navigation has limited application. Electronic navigational aids 
are almost nonexistent. 

Piloting is associated with proximity to land and shoal water. A ship in polar 
regions is seldom far from land, and the areas are not so accurately surveyed that the 
navigator can be sure that uncharted shoals are not nearby. 

Piloting is characterized by an alertness not required when a vessel is far from 
danger of grounding. Nowhere is this alertness more necessary than in polar regions. 
Added to the usual reasons for constant vigilance are the uncertainties of charted in- 
formation and the lack of detail, as discussed in article 2509. 

2520. Aids to navigation are virtually nonexistent in polar regions. There are no 
lighthouses, few beacons, and very few buoys. Channels and shoals are not marked 
and may not even be indicated on the chart. A few radiobeacons are available, notably 
along the northern coast of Russia. Other radio transmitters are occasionally available 
for use as beacons. 

2521. Natural landmarks are plentiful in some areas, but their usefulness is re- 
stricted by the difficulty in identifying them, or locating them on the chart. Along 
many of the coasts the various points and inlets bear a marked resemblance to each 
other. The appearance of a coast is often very different when many of its features are 
obliterated by a heavy covering of snow or ice than when it is ice-free. 
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2522. Bearings are useful, but have limitations. When bearings on more than two 
objects are taken, they may fail to intersect at a point because the objects may not be 
charted in their correct relation to each other. Even a point fix may be considerably 
in error geographically if all of the objects used are shown in correct relation to each 
other, but in the wrong position on the earth. However, in restricted waters it is 
usually more important to know the position of the vessel relative to nearby land and 
shoals than its latitude and longitude. The bearing and distance of even an unidentified 
or uncharted point are valuable. 

When a position is established relative to nearby landmarks, it is good practice to 
use this to help establish the identity and location of some prominent feature a con- 
siderable distance ahead, so that this feature, in turn, can be used to establish future 
_ positions. 

In high latitudes it is not unusual to make use of bearings on objects a considerable 
distance from the vessel. Because of the rapid convergence of the meridians in these 
areas, such bearings are not correctly represented by straight lines on a Mercator chart. 
If this projection is used, the bearings should be corrected in the same manner that 
radio bearings are corrected (using table 1), since both can be considered great circles. 
Neither visual nor radio bearings are corrected when plotted on a Lambert conformal 
chart. 

2523. Soundings are so important in polar regions that echo sounders are custom- 
arily operated continuously while the vessel is under way. It is good practice to have 
at least two such instruments, preferably those of the recording type and having a 
wide flexibility in the range of the recorder. In few parts of the polar regions have 
enough soundings been obtained and made available to charting agencies to permit 
adequate portrayal of the bottom configuration. However, since depth of water is a 
primary consideration in avoiding an unwanted grounding, a constant watch should 
be maintained to avoid unobserved shoaling. 

Polar regions have relatively few shoals, but in some areas, notably along the 
Labrador coast, a number of pinnacles and ledges rise abruptly from the bottom. These 
constitute a real danger to vessels, since they are generally not surrounded by any ap- 
parent shoaling. In such an area, or when entering an unknown harbor or any area of 
questionable safety, it is good practice to send one or more small craft ahead with 
portable sounding gear. 

In very deep water, of the order of 1,000 fathoms or more, the echo returned from 
the bottom is sometimes masked by the sound of ice coming in contact with the hull, 
but this is generally not a problem when the bottom is close enough to be menacing. 

The hand lead is of little value to a ship underway in ice, because the ice generally 
prevents its effective use unless the vessel is stopped. 

If a ship becomes beset by ice, so that steerage way is lost and the vessel drifts 
with the ice, it may be in danger of grounding as the ice moves over a shoal. Hence, 
it is important that soundings be continued even when beset. If necessary, a hole 
should be made in the ice and a hand lead used. A vessel with limited means for 
freeing itself may prudently save such means for use only when there is danger of 
grounding. 

Useful information on the depth of water in the vicinity of a ship can sometimes 
be obtained by watching the ice. A stream of ice moving faster than surrounding ice, 
or a stretch of open water in loose pack ice often marks the main channel through shoal 
water. A patch of stationary ice in the midst of moving ice often marks a shoal. 

Knowledge of earth formations may also prove helpful. The slope of land is often 
an indication of the underwater gradient. Shoal water is often found off low islands, 
spits, etc., but seldom near a steep shore. Where glaciation has occurred, the moraine 
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deposits are likely to have formed a bar some distance offshore. Submerged rocks and 
pinnacles are more likely to be encountered off a rugged shore than near a low, sandy 
beach. 

2524. Anchorages.—Because good anchorages are not plentiful in high latitudes, 
there is an understandable temptation to be less demanding in their selection. This 
is dangerous practice, for in polar regions some of the requirements are accentuated. 
The factors to be considered are: 

1. Holding quality of the bottom. In polar regions a rocky bottom or one with only 
fair to poor holding qualities is not uncommon. Sometimes the bottom is steep or 
irregular. Since the nature of the bottom is seldom adequately shown on charts, a 
wise precaution is to sample the bottom, and sound in the vicinity before anchoring. 

2. Adequacy of room for swing. Because high winds are frequent along polar 
shores, sometimes with little or no warning, long scopes of anchor chain are customarily 
used. Some harbors are otherwise suitable, but allow inadequate room for swing 
of the vessel at anchor, or even for its yaw in a high wind. If a vessel is to anchor in 
an unsurveyed area, the area should first be adequately covered by small boats with 
portable sounding gear to detect any obstructions. 

3. Protection from wind and sea. In polar regions protection from wind is probably 
the most difficult requirement to meet. Generally, high land is accompanied by 
strong wind blowing directly down the side of the mountains. Polar winds are extremely 
variable, both in direction and speed. Shifts of 180° accompanied by an increase in 
speed of more than 50 knots in a few minutes have been reported. It is important 
that ground tackle be in good condition and that maximum-weight anchors be used. 
All available weather reports should be obtained and a continuous watch kept on the 
local weather. Whenever a heavy blow might reasonably be anticipated, the main 
engines should be kept in an operating condition and on a standby status. Heavy 
seas are seldom a problem. 

4. Availability of switable exit in event of extreme weather. In ice areas it is important 
that a continuous watch be kept to prevent blocking of the entrance by ice, or actual 
damage to the vessel by floating ice. However, in an unsurveyed area it may be 
dangerous to shift anchorage without first sounding the area. It is a wise precaution 
to do this in advance. Unless the vessel is immediately endangered by ice, it is gener- 
ally safer to remain at anchor with optimum ground tackle and use of engines to assist 
in preventing dragging, than to proceed to sea in a high wind, especially in the presence 
of icebergs and growlers, and particularly during darkness. 

5. Availability of objects for position determination. The familiar polar problem 
of establishing a position by inaccurately charted or inadequately surveyed landmarks 
is accentuated when an accurate position is desired to establish the position of an anchor. 
Sometimes a trial and error method is needed, and it may be necessary to add land- 
marks located by radar or visual observation. Because of chart inadequacy, the 
suitability of an anchorage, from the standpoint of availability of suitable landmarks, 
cannot always be adequately predicted before arrival. 

An unsurveyed harbor should be entered with caution at slow speed, with both 
the pilot house and engine room force alerted to possible radical changes in speed or 
course with little or no warning. The anchor should be kept ready for letting go on 
short notice and should be adequately attended. An engine combination providing 
full backing power should be maintained. 

2525. Sailing directions for high latitudes contain a wealth of valuable informa- 
tion acquired by those who have previously visited the areas. However, since high 
latitudes have not been visited with the frequency of other areas, and since they are 
inadequately surveyed, the sailing directions for polar areas are neither as complete 


POLAR NAVIGATION 633 


nor as accurate as for other areas, and information on unvisited areas is completely 
lacking. Until traffic in high latitudes increases and the sailing directions for these 
areas incorporate the additional information obtained, unusual caution should accom- 
pany their use. Each vessel that enters polar regions can help correct this condition 
by recording accurate information and sending it to the U. S. Navy Hydrographic 
Office or its counterpart in other countries. 


Electronic Navigation 


2526. Propagation.—In general, radio wave propagation in high latitudes follows 
the same principles that apply elsewhere, as described in chapter X. However, certain 
anomalous conditions occur, and although these are but imperfectly understood, and 
experience to date has not always seemed consistent, there is much that has been 
established. An understanding of 
these conditions is important if maxi- © NORTH AURORAL ZONE 
mum effective use is to be made of 
electronics in high latitudes. 

Because of the influence of the 
ionosphere (art. 1008) upon radio wave 
propagation, the most disruptive ef- 
fects are associated with ionospheric 
disturbances, one aspect of the fa- 
miliar magnetic storms. These have 
been found to be related to sunspot 
activity, and this association provides 
a basis for their prediction. Warn- 
ings based upon such predictions are 
broadcast by radio station WWYV, 
National Bureau of Standards, Wash- 
ington, D. C., and by major U. S. 
Navy radio stations. Such warn- 
ings, usually broadcast several hours 
before the start of a disturbance, are 
confined v0 the expected te bairapebiey Ficure 2526.—The auroral zone of the northern 
Predictions of intensity or duration hemisphere. 
have not been possible. 

Severe ionospheric disturbances affect radio wave propagation throughout the 
world, but the most erratic and persistent effects occur in the auroral zones. The 
auroras (aurora borealis or “northern lights” in the northern hemisphere, and the 
aurora australis or “southern lights” in the southern hemisphere) are believed to be 
caused by emissions from the sun. When the emitted particles enter the earth’s 
magnetic field, they tend to follow the earth’s lines of force downward toward the 
geomagnetic poles (art. 706). When they encounter the ionosphere, they become 
luminous, constituting the aurora familiar to the night observer in high latitudes. The 
maximum auroral activity occurs in two belts, each about 600 miles wide and centered 
at about 1,200 miles from one of the geomagnetic poles, as shown in figure 2526. In 
the auroral zones, the aurora is a common occurrence, being visible on nearly any dark, 
clear night. Frequency of occurrence decreases with increased distance from the 
zones. During magnetic storms the auroral zones have a tendency to shift outward 
from the geomagnetic poles. 

When an ionospheric disturbance occurs, fading and ionospheric absorption in- 
crease. The maximum usable frequency (art. 1008) decreases, and the minimum useful 
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high frequency increases. In extreme cases, the entire band of useful frequencies dis- 
appears, resulting in a radio blackout which may continue for any period from a few 
minutes to several days. In the auroral zones, higher frequencies used for communica- 
tion have been known to be blacked out for as long as two weeks. The return to normal 
usually occurs first on lower frequencies. 

During the early stages of an ionospheric disturbance, the path of propagation may 
deviate erratically from normal, resulting in erroneous direction finder bearings and 
consol readings. 

Because of the shift of the auroral zones during a magnetic storm, radio propagation 
within the usual positions of the belts may improve. Transmission is usually of greater 
range along radial lines from the geomagnetic poles than across these lines. 

Very low frequencies (10-30 kc) originating outside the auroral zone are not af- 
fected appreciably by ionospheric disturbances, and propagation between 30 and 200 
ke may even improve. This is believed to be due to a great increase in the density of 
the lowest (D) layer of the ionosphere, which acts as a wave guide for lower frequencies, 
while absorbing higher frequency transmissions. 

In polar regions, long-range, high frequency propagation is sometimes erratic 
even when conditions seem normal, and the usual procedure for selection of optimum 
working frequencies for communication is not always valid. The shielding effect of 
mountains seems to be greater than in lower latitudes. 

2527. Radar.—In polar regions, where fog and long periods of continuous daylight 
or darkness reduce the effectiveness of both celestial navigation and visual piloting, and 
where other electronic aids are generally not available, radar is particularly valuable. 
Its value is further enhanced by the fact that polar seas are generally smooth, re- 
sulting in relatively little oscillation of the shipborne antenna. When ice is not present, 
relatively little sea return is encountered from the calm sea. 

However, certain limitations attend the use of radar in polar regions. Similarity 
of detail along the polar shore is even more apparent by radar than by visual ob- 
servation. Lack of accurate detail on charts adds to the difficulty of identification. 
Identification is even more of a problem when the shore line is beyond the radar horizon 
and accurate contours are not shown on the chart. When an extensive ice pack extends 
out from shore, accurate location of the shore line is extremely difficult. 

Good training and extensive experience are needed to interpret accurately the 
returns in polar regions where ice may cover both land and sea. A number of icebergs 
close to a shore may be too close together to be resolved, giving an altered appearance 
to a shore line, or they may be mistaken for off-lying islands. The shadow of an iceberg 
or pressure ridge and the lack of return from an open lead in the ice may easily be 
confused. Smooth ice may look like open water. In making rendezvous, one might 
inadvertently close on an iceberg instead of a ship. 

As with visual bearings, radar bearings need correction for convergency unless the 
objects observed are quite close to the ship. 

2528. Loran is usable in polar regions, but the coverage is greatly restricted. 
As shown in the coverage diagram, figure 1302a, Loran-A groundwave coverage extends 
into the edge of the arctic in several places. The skywave coverage extends some 
distance beyond. Extensive areas in the arctic and all of the antarctic are without 
coverage. 

2529. Other electronic aids are virtually nonexistent in polar regions. 

The radio direction finder is useful when the few transmitting stations are within 
range. One of the principal uses of RDF in polar regions is to assist in locating other 
vessels, for rendezvous or other purposes. This is particularly true in an area of many 
icebergs, where radar may not distinguish between ships and icebergs. 
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Consol is available in the Norwegian Sea between Norway and Greenland. 

The echo sounder is highly useful, as indicated in article 2523, and is operated 
continuously in high latitudes. 

Sonar is useful primarily for detecting ice, particularly growlers. Since about 
% to % of the ice is under water, its presence can sometimes be detected by sonar when 
it is overlooked by radar or visual observation. 


Celestial Navigation 


2530. Celestial navigation in high latitudes.—Of the various types of navigation, 
celestial is perhaps least changed in polar regions. However, certain special con- 
siderations are applicable. 

Because of the limitations of other forms of navigation, as discussed earlier in this 
chapter, celestial navigation provides the principal means of determining geographical 
position. However, as indicated in article 2522, position relative to nearby dangers is 
usually of more interest to the polar navigator than geographical position. Since 
ships in high latitudes are seldom far from land, and since celestial navigation is at- 
tended by several limitations, discussed in article 2531, its use in marine navigation 
is generally confined to the following applications: 

1. Navigation while proceeding to and from polar regions. 

2. Checking the accuracy of dead reckoning. 

3. Checking the accuracy of charted positions of landmarks, shoals, etc. 

4. Providing a directional reference, either by means of a celestial compass (art. 
2515) or by providing a means of checking the magnetic or gyro compass. 

Although its applications are limited, celestial navigation is important in high 
latitudes. Application 3 above, and application 4, even more so, can be of great value 
to the polar navigator. 

2531. Celestial observations.—The best celestial fixes are usually obtained by 
star observations during twilight. As the latitude increases, these periods become 
longer, providing additional time for observation. But with this increase comes longer 
periods when the sun is just below the horizon and the stars have not yet appeared. 
During this period, which in the extreme condition at the pole lasts for several days, 
no celestial observations may be available. The moon is sometimes above the horizon 
during this period and bright planets, notably Venus and Jupiter, may be visible. With 
practice, the brighter stars can be observed when the sun is 2° to 3° below the horizon. 

Beyond the polar circles the sun remains above the horizon without setting during 
part of the summer. The length of this period increases with latitude. At Thule, 
Greenland, about 10° inside the arctic circle, the sun remains above the horizon for four 
months. During this period of continuous daylight the sun circles the sky, changing 
azimuth about 15° each hour. A careful observation, or the average of several observa- 
tions, each two hours provides a series of running fixes. An even better check on posi- 
tion is provided by making hourly observations and establishing the most probable 
position at each observation. Sometimes the moon is above the horizon, but within 
several days of the new or full phase it provides lines of position nearly parallel to the 
sun lines and hence of limited value in establishing fixes. 

During the long polar night the sun is not available and the horizon is often in- 
distinct. However, the long twilight, a bright aurora, and other sources of polar light 
(art. 2504) shorten this period. By adapting their eyes to darkness, some navigators 
can make reasonably accurate observations throughout the polar night. The full 
moon in winter remains above the horizon more than half the time and attains higher 
altitudes than at other seasons. 
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In addition to the long periods of darkness in high latitudes, other conditions are 
sometimes present to complicate the problem of locating the horizon. During daylight 
the horizon is frequently obscured by low fog, frost smoke, or blowing snow, yet the sun 
may be clearly visible. Hummocked sea ice is sometimes a problem, particularly at 
low heights of eye. Nearby land or an extensive ice foot can also be troublesome. 
Extreme conditions of abnormal refraction are not uncommon in high latitudes, some- 
times producing false horizons and always affecting the refraction and dip corrections. 

Because of these conditions, it is advisable to be provided with an artificial-horizon 
sextant (art. 1513). This instrument is generally not used aboard ship because of the 
excessive acceleration error encountered as the ship rolls and pitches. However, in 
polar regions there is generally little such motion and in the ice there may be virtually 
none. Some practice is needed to obtain good results with an artificial-horizon sextant, 
but these results are sometimes superior to those obtainable with a marine sextant, and 
when some of the conditions mentioned above prevail, the artificial-horizon sextant may 
provide the only means of making an observation. Better results with this instrument 
can generally be obtained if the instrument is hung from some support, as it generally 
is when used in aircraft. 

An artificial horizon (art. 1512) can sometimes be used effectively, even an im- 
provised one, as by placing heavy lubricating oil in a bucket. 

It is sometimes possible to make better observations by artificial-horizon sextant 
or artificial horizon from a nearby cake of ice than from the ship. 

Clouds and high fog are frequent in high latitudes, but it is not uncommon, 
particularly in the antarctic, for the fog to lift for brief periods, permitting an alert 
navigator to obtain observations. 

As the latitude increases, an error of time has less effect upon altitude. At the 
equator an error of four seconds in time may result in an error in the location of the 
position line of as much as one mile. At latitude 60° a position error of this 
magnitude cannot occur unless the timing error is eight seconds. At 70° nearly 12 
seconds are needed, and at 80° about 23 seconds are needed for such a position error. 

Polaris is of diminished value in high northern latitudes because of its high altitude. 
At high latitudes the second correction to observed altitude (a,) becomes greater. The 
almanac makes no provision for applying this beyond latitude 68°. Bodies at high 
altitudes are not desirable for azimuth determination, but if Polaris is used, the use of 
the actual azimuth given at the bottom of the Polaris tables of the Nautical Almanac 
is of increased importance because of its larger variation from 000° in high latitudes. 
No azimuth is provided beyond latitude 65°. 

In applying a sextant altitude correction for dip of the horizon, one should use 
height of eye above the ice at the horizon, instead of height above water. The difference 
between ice and water levels at the horizon can often be estimated by observing ice near 
the vessel. 

2532. Low-altitude observations.—Because of large and variable refraction at 
low altitudes, navigators customarily avoid observations below some minimum, usually 
5° to 15°, if higher bodies can be observed. In polar regions low-altitude observations 
are often the only ones available. The sun, moon, and planets remain low in the sky 
for relatively long periods, their diurnal motion being nearly horizontal. The only 
lower limit is that imposed by the horizon itself. In fact, good observations can some- 
times be made without a sextant by noting the time at which either the upper or lower 
limb is tangent to the horizon. To such an observation sextant altitude corrections are 
applied as for a marine sextant without an index correction. 

Correction of low-altitude observations made by marine sextant is discussed in 
article 1632. If a bubble or other artificial-horizon sextant is used, corrections are made 
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as for higher altitudes, being careful to use the refraction value corrected for tempera- 
ture, or to make a separate correction for air temperature. In addition, a correction for 
atmospheric pressure (tab. 24) is applied if of sufficient size to be of importance. 

Solution of low-altitude observations is discussed in article 2010. 

2533. Abnormal refraction and dip.—Tables of refraction correction are based upon 
a standard atmosphere. Variations in this atmosphere result in changes in the refrac- 
tion, and since the atmosphere is seldom exactly standard, the mean refraction is seldom 
the same as shown in the tables. Variations from standard conditions are usually not 
great enough to be troublesome. 

In polar regions, however, it is normal for the atmosphere to differ considerably 
from the standard, particularly near the surface. This affects both refraction and dip, 
as indicated in article 1606. Outside polar regions, variations in refraction seldom 
exceed 2’ or 3’, although extreme values of more than 30’ have been encountered 
In polar regions refraction variations of several minutes are not uncommon and an 
extreme value of about 5° has been reported. This would produce an error of 300 
miles in a line of position. The sun has been known to rise as much as ten days before 
it was expected. 

Most celestial observations in polar regions produce satisfactory results, but the 
high-latitude navigator should be on the alert for abnormal conditions, since they occur 
more often than elsewhere, and have greater extreme values. A wise precaution is to 
apply corrections for air temperature (tab. 23) and atmospheric pressure (tab. 24), 
particularly for altitudes of less than 5°. 

Abnormal dip affects the accuracy of celestial observations equally at any altitude, 
if the visible horizon is used. Such errors may be avoided in any one of four ways: 

1. The artificial-horizon sextant may be used, as indicated in article 2531. 

2. When stars are available, three stars may be observed at azimuth intervals of 
approximately 120°, (or four at 90° intervals, five at 72°, etc.). Any error in dip 
or refraction will alter the size of the enclosed figure, but will not change the location 
of its center unless the dip or refraction error varies in different directions. The stars 
should preferably be at the same altitude. 

3. The altitude of a single body may be observed twice, facing in opposite directions. 
The sum of the two readings differs from 180° by twice the sum of the index and dip 
corrections (also personal and instrument corrections, if present). This method assumes 
that dip is the same in both directions, an assumption that is usually approximately cor- 
rect. Also, the method requires that the arc of the sextant be sufficiently long and the 
altitude of the body sufficiently great to permit observation of the back sight in the 
opposite direction. In making such observations, it is necessary that allowance be 
made for the change of altitude between readings. This may be done by taking a 
direct sight, a back sight, and then another direct sight at equal intervals of time, 
and using the average of the two direct sights. 

4. A correction for the difference between air and sea temperatures (art. 1607) 
may be applied to the sextant altitude. This will often provide reasonably good 
results. However, there is considerable disagreement in the manner in which temper- 
ature is to be measured, and in the factor to use for any given difference. Therefore, 
the validity of this correction is not fully established. 

There is still much to be learned regarding refraction and even with all known 
precautions, results may occasionally be unsatisfactory. 

2534. Sight reduction in polar regions is virtually the same as elsewhere. Compu- 
tation can be made by nearly any method. In H.O. Pub. No. 214, tabulations are not 
extended below an altitude of 5°, but this method can be used for lower altitudes, which 
are not uncommon in polar regions, by selecting an assumed position some distance away, 
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in the general direction of the body. Thus, if the altitude is 2°, an assumed position Se 
(180 miles) nearer the body (4° is a better choice to allow for possible error in the dead 
reckoning and for adjustment for a convenient assumed position) should result in a 
computed altitude of 5° or more. This method will result in an unusually long altitude 
difference, but the error introduced will be negligible if the assumed position is in the 
direction of the body, and the chart used is one on which a straight line is a close approx- 
imation to a great circle. A Lambert conformal chart is satisfactory for this purpose. 
An example of such a solution is given in article 2010. 

Some navigators prefer to use another method of sight reduction. Both H.O. 
Pub. No. 208 and H.O. Pub. No. 211 are suitable for this purpose, but perhaps the 
most satisfactory method is H.O. Pub. No. 249, which provides solutions down to the 
visible horizon for any height of eye to be anticipated aboard ship and for any reasonable 
altitude difference. However, except for certain specified stars, the method is limited 
to celestial bodies having declinations not exceeding 30°. This provides for the sun, 
moon, planets, and a number of good navigational stars. Having been designed for 
air navigation, H.O. Pub. No. 249 provides computed altitudes to the nearest whole 
minute, and azimuth to the nearest whole degree. For low altitudes this precision is 
realistic. 

From latitude 70° to the pole, hour angles in H.O. Pub. No. 249 are tabulated at 
intervals of 2°. Near the pole this interval could be greatly increased because of the 
small diameter of the parallels of latitude. Based upon this and the fact that azimuth 
approaches LHA +180° near the north pole (360°—LHA near the south pole), various 
special methods have been suggested for high latitudes, providing very short tables. 
However, there is considerable advantage in using familiar methods and avoiding special 
ones of limited application and often of little advantage. 

One special method of considerable interest is conveniently applicable only within 
about 5° of the pole, a higher latitude than is usually attainable by ships. This is the 
method of using the pole as the assumed position. At this point the zenith and pole 
coincide and hence the celestial equator and celestial horizon also coincide, and 
the systems of coordinates based upon these two great circles of the celestial 
sphere become identical. The declination is computed altitude, and GHA replaces 
azimuth. A “toward” altitude difference is plotted along the upper branch of the 
meridian over which the body is located, and an “away” difference is plotted in the 
opposite direction, along the lower branch. Such a line or its AP is advanced or retired 
in the usual manner. This method is a special application of the meridian altitude 
sometimes used in lower latitudes. Beyond the limits of this method the meridian 
altitude can be used in the usual manner (art. 2103) without complications and with 
time of transit being less critical. However, table 29, for reduction to the meridian, 
extends only to latitude 60°. Tables providing a correction to permit use of the 
pole-assumed-position method with the polar stereographic projection at considerable 
distance from the pole have been prepared, but are rarely used, and never by mariners. 
These are known as the Ellsworth Tables. 

2535. Plotting lines of position from celestial observations.—Lines of position 
from celestial observations in polar regions are plotted as elsewhere, using an assumed 
position, altitude difference, and azimuth. If a Mercator chart is used, the error in- 
troduced by using rhumb lines for the azimuth line (a great circle) and line of position 
(a small circle) is accentuated. This can be overcome by using a good dead reckoning 
or estimated position as the assumed position or by using a chart on a more favorable 
projection. 

If a chart with nonparallel meridians, such as the Lambert conformal, is used, the 
true azimuth should be plotted by protractor or plotter and measured at the meridian 
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of the assumed position. On a chart having a grid overprint the true azimuth can be 
converted to grid azimuth, using the longitude of the assumed position, and the direction 
measured from any grid line. This method involves an additional step, with no real 
advantage. 

Lines of position from high-altitude observations, to be plotted as circles with the 
geographical position as the center (art. 2011), should not be plotted on a Mercator 
chart because of the rapid change of scale, resulting in distortion of the circle as plotted 
on the chart. 

Lines of position are advanced or retired as in any latitude. However, the move- 
ment of the line is no more accurate than the estimate of the direction and distance 
traveled, and in polar regions this estimate may be of less than usual accuracy. In 
addition to his problem of estimating direction of travel, the polar navigator may 
encounter difficulty in accurately plotting the direction determined. If an accurate 
gyro compass is used, the ship follows a rhumb line, which is accurately shown only on 
a Mercator chart. If a magnetic compass is used, the rapid change in variation may 
be a disturbing factor. If the ship is in ice, the course line may be far from straight. 

Because of the various possible sources of error involved, it is good practice to avoid 
advancing or retiring lines for a period longer than about two hours. When the sun 
is the only body available, best results can sometimes be obtained by making an ob- 
servation every hour, retiring the most recent line one hour and advancing for one hour 
the line obtained two hours previously. The present position is then obtained by dead 
reckoning from the running fix of an hour before. Another technique is to advance 
the one or two previous lines to the present time for a running fix. A third method is 
to drop a perpendicular from the dead reckoning or estimated position to the line of 
position to obtain a new estimated position, from which a new dead reckoning plot 
is carried forward to the time of the next observation. A variation of this method is 
to evaluate the relative accuracy of the new line of position and the dead reckoning or 
estimated position run up from the previous position and take some point between 
them, halfway if no information is available on which to evaluate the relative ac- 
curacies. None of these techniques is suitable for determining set and drift of the 
current. 

2536. Rising, setting, and twilight data are tabulated in the almanacs to latitude 
72°N and 60°S. Within these limits the times of these phenomena are determined 
as explained in chapter XVIII. 

Beyond the northern limits of these tables the values can be obtained from a 
series of graphs given near the back of the Air Almanac. These graphs are shown in 
appendix W. For high latitudes, graphs are used instead of tables because graphs give 
a clearer picture of conditions, which may change radically with relatively little change 
in position or date. Under these conditions interpolation to practical precision is 
simpler by graph than by table. In those parts of the graph which are difficult to read, 
the times of the phenomena’s occurrence are themselves uncertain, being altered con- 
siderably by a relatively small change in refraction or height of eye. 

On all of these graphs any given latitude is represented by a horizontal line, and 
any given date by a vertical line. At the intersection of these two lines the duration 
is read from the curves, interpolating by eye between curves. 

The “Semiduration of Sunlight” graph gives the number of hours between sunrise 
and meridian transit or between meridian transit and sunset. The dot scale near the 
top of the graph indicates the LMT of meridian transit, the time represented by the 
minute dot nearest the vertical date line being used. If the intersection occurs in the 
area marked “sun above horizon,” the sun does not set; and if in the area marked ‘‘sun 
below horizon,” the sun does not rise. 
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Example 1.—Find the zone time of sunrise and sunset at lat. 71°30/0 N, long. 
10°00/0 W near Jan Mayen Island, on August 25, 1958. 


Solution.— 
August 25 


LMT 1202 LAN, from top of graph 
dv (—) 20 
ZT 1142 LAN 
semidur. 840 from graph 


ZT 0302 sunrise (— semidur.) 
ZT 2022 sunset (+ semidur.) 


A vertical line through August 25 passes nearest the dot representing LAN 1202 
on the scale near the top of the graph. This is LMT; at longitude 10°00’0 W the ZT 
is 20™ earlier, or at 1142. The intersection of the vertical date line with the horizontal 
latitude line occurs between the 8" and 9° curves, at approximately 8" 40™. Hence, 
sunrise occurs at this interval before LAN and sunset at this interval after LAN. 

The “Duration of Twilight” graph gives the number of hours between the beginning 
of morning cwil twilight (center of sun 6° below the horizon) and sunrise, or between 
sunset and the end of evening civil twilight. If the sun does not rise, but twilight does 
occur, the time taken from the graph is half the total length of the single twilight period, 
or the number of hours from beginning of morning twilight to LAN, or from LAN to 
end of evening twilight. If the intersection occurs in the area marked “continuous 
twilight or sunlight,”’ the center of the sun does not get more than 6° below the horizon; 
and if in the area marked “no twilight nor sunlight,’’ the sun remains more than 6° 
below the horizon throughout the entire day. 

Example 2.—Find the zone time of beginning of morning twilight and ending 
of evening twilight at the place and date of example 1. 


Solution.— 
Twilight Twilight 
ZT 0302 sunrise, from example 1 ZT 2022 sunset, from example 1 
dur. 153 from graph dur. 153 from graph 
ZT 0109 morning twilight ZT 2215 evening twilight 


The intersection of the vertical date line and the horizontal latitude line occurs 
approximately one-sixth of the distance from the 2" line toward the 1" 20™ line; or at 
about 1" 53". Morning twilight begins at this interval before sunrise, and evening 
twilight ends at this interval after sunset. 

The “Semiduration of Moonlight” graph gives the number of hours between 
moonrise and meridian transit or between meridian transit and moonset. The dot 
scale near the top of the graph indicates the LMT of meridian transit, each dot repre- 
senting one hour. The phase symbols indicate the date on which the principal moon 
phases occur, the open circle indicating full moon and the dark circle indicating new 
moon. If the intersection of the vertical date line and the horizontal latitude line 
falls in the “moon above horizon” or “moon below horizon” area, the moon remains 
above or below the horizon, respectively, for the entire 24 hours of the day. 

If approximations of the times of moonrise and moonset are sufficient, the values 
of semiduration taken from the graph can be used without adjustment. For more 
accurate results, the times on the required date and the adjacent date (the following 
date in west longitude and the preceding date in east longitude) should be determined, 
and an interpolation made for longitude, as in any latitude, since the intervals given 
are for the Greenwich meridian. 
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Example 3.—Find the zone time of moonrise and moonset at lat. 74°00'0 N, 
long. 108°00/0 W on May 16, 1958, and the phase of the moon on this date. 


Solution.— 
May 16 May 17 
LMT 0952 LMT 1036 meridian transit, from graph 
da (+) 12 dx (+) 12 
ZT 1004 ZT 1048 meridian transit 
semidur. 8'48™ semidur. 9°55™ from graph 
ZT 0116 ZT 0053 (moonrise — semidur.) 
ZT 1852 ZT 2043 (moonset + semidur.) 
Moonrise Moonset 
ZT 0116 May 16 ZT 1852 May 16 
ZT 0053 May 17 ZT 2043 May 17 
diff. (—) 23 diff. (+)111 
23 108.0/360 (—)7 111108.0/360 (+)33 
ZT 0109 ZT 1925 


The phase is crescent, about three days before new moon. The LMT of meridian 
transits are found by noting the intersections of the vertical date lines with the dot 
scale near the top of the graph, interpolating by eye. At longitude 108°00/0 W the 
ZT is 12™ later. The semiduration is found by noting the position, with respect to the 
semiduration curves, of the intersection of the vertical date line with the horizontal 
latitude line. This interval is subtracted from the time of meridian transit to obtain 
moonrise, and added to obtain moonset. These solutions are made for both May 16 
and 17, and the difference determined in minutes. The adjustment to be applied to 
the ZT on May 16 at Greenwich is determined by multiplying this difference by the 
ratio 4/360. The phase is determined by noting the position of the vertical date 
line with respect to the phase symbols. If the answer indicates that the phenomenon 
occurs on a date differing from that desired, a new solution should be made, adjusting 
the starting date accordingly. The phenomenon may occur twice on the same day, 
or it may not occur at all. In high latitudes the effect on the time of moonrise and 
moonset of a relatively small change in declination is considerably greater than in 
lower latitudes, resulting in greater differences from day to day. 

Sunlight, twilight, and moonlight graphs are not available for south latitudes. 
Beyond latitude 65°S, the northern hemisphere graphs can be used for determining 
the semiduration or duration, by using the vertical date line for a day when the declina- 
tion has the same numerical value but opposite sign. The time of meridian transit 
and the phase of the moon are determined as explained above, using the correct date. 
Between latitudes60°S and65°S solution is made by interpolation between the tables 
and the graphs. 

Several other methods of solution of these phenomena are available. The Tide 
Tables tabulate sunrise and sunset from latitude 76°N to 60°S. A supplement 
to the American Ephemeris of 1946, entitled 7 ables of Sunrise, Sunset, and Twilight, 
provides tabulations from latitude 75° N to 75°S and graphs for semiduration of sun- 
light and duration of twilight, with separate graphs for civil, nautical, and astronomical 
twilights. Semiduration or duration can be determined graphically by means of a 
diagram on the plane of the celestial meridian (art. 1432), or by computation. When 
computation is used, solution is made for the meridian angle at which the required 
negative altitude occurs. The meridian angle expressed in time units is the semi- 
duration in the case of sunrise, sunset, moonrise, and moonset; and the semiduration 
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of the combined sunlight and twilight, or the time from meridian transit at which 
morning twilight begins or evening twilight ends. For sunrise and sunset the altitude 
used is (—) 50’. Allowance for height of eye can be made by algebraically subtracting 
(numerically adding) the dip correction from this altitude. The altitude used for 
twilight is (—)6°, (—)12°, or (—)18° for civil, nautical, or astronomical twilight, 
respectively. The altitude used for moonrise and moonset is —34’—SD-+HP, where 
SD is semidiameter and HP is horizontal parallax, from the daily pages of the Nautical 
Almanac. The time sight formula can be used for making the computation: 


hav t=sec L csc p cos s sin (s—h), 


where t=meridian angle, s=%(h+L+p), h=altitude, L=latitude, and p=90°—d for 
L and d (declination) same name and 90°+d for L and d contrary name. Another 
formula which can be used is 


cos t=sec L sec d (sin h—sin L sin d), 


with the same notation as above. 
General 


2537. Ice.—Several references have been made to ice. The almost constant pres- 
ence of large quantities of ice is one of the distinctive features of polar regions, and is 
one of the primary considerations in any operations in these areas. The subject of 
ice in the sea is covered in chapter XXXVI. 

2538. Knowledge of polar regions.—Operations in polar regions are attended by 
hazards and problems not encountered elsewhere. Lack of knowledge, sometimes 
accompanied by fear of the unknown, has prevented navigation in these areas from 
being conducted with the same confidence with which it is pursued in more familiar 
areas. As experience in high latitudes has increased, much of the mystery surrounding 
these areas has been dispelled, and operations there have become more predictable. 

Before entering polar regions, the navigator will do well to acquaint himself with 
the experience of those who have preceded him into the areas and under the conditions 
he anticipates. This information can be found in a growing literature composed of 
the accounts of explorers, reports of previous operations in high latitudes, articles in 
professional journals, and several books on operations in polar regions. Some of it is 
given in various volumes of sailing directions, particularly those for Antarctica (H.O. 
Pub. No. 27). Additional information is available at the U.S. Navy Hydrographic 
Office. 

The search for knowledge should not be confined to navigation. The wise polar 
navigator will seek information on living conditions, survival, geography, ice, climate 
and weather, and operational experience of others who have been to the same area. 
As elsewhere, knowledge and experience are valuable. 

2539. Planning, important in any operation, is vital to the success of polar naviga- 
tion. The first step to adequate planning is the acquisition of full knowledge, as dis- 
cussed in article 2538. No item, however trivial, should escape attention. The ship 
should be provided with all the needed charts, publications, and special navigational 
material. All available data and information from previous Operations in the area 
should be studied. Key personnel should be adequately instructed in polar navigation 
prior to departure or while en route to the polar regions. Forecasts on anticipated ice 
and weather conditions should be obtained before departure and after getting under 
way. All equipment should be put in top operating condition. All material should 
be carefully inspected for completeness and condition. The navigator should make 
certain that all items of equipment are familiar to those who will usethem. This is par- 
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ticularly true of items not generally used at sea, such as charts on an unfamiliar projec- 
tion, or a bubble sextant. Do not asswme anything that can be known. On the 
adequacy and thoroughness of the advanced planning and preparation, perhaps more 
than anything else, will depend the success of polar navigation. 


Problems 


2510a. Convert the following true directions to grid directions using (1) a con- 
vergency of one, (2) a convergency of 0.866. (Give answers to nearest whole degree. ) 


True Latitude Longitude 
1S Y fa N 27° W 
2} N 114°E 
Lis? S 63° E 
042° Ss 147° W 


Answers.—(1) 184°, 239°, 181°, 255°; (2) 180°, 254°, 173°, 275°. 
2510b. Convert the following grid directions to true directions using (1) a con- 
vergency of 0.629, (2) a convergency of one. 


Grid Latitude Longitude 
003° N 174° W 
148° S 9° W 
5 ly fee N 64° K 
2OG S 155° 1 


Answers.—(1) 254°, 154°, 357°, 159°; (2) 189°, 157°, 021°, 101°. 
2516a. The radar operator of a ship proceeding through ice measures the following 
bearings and ranges of an iceberg: 


Time Bearing Range 

1430 TO? 4,000 yds. 
1435 1282 3,300 yds. 
1440 139° 2,600 yds. 
1445 163° 2,300 yds. 
1450 188° 2,500 yds. 
1455 206° 3,100 yds. 


Required—(1) The course and speed of the ship if the iceberg is stationary. 

(2) The course and speed of the ship if the iceberg is moving north at two knots. 

Answers.—(1) C 075°, S 6.5 kn.; (2) C 059°, S 7.3 kn. 

2516b. A navigator measures off a distance of 300 feet in a fore-and-aft direction 
along the deck and stations a man at each end of this line. A stop watch is started 
when a prominent ice feature is opposite the forward man. When the after man 
reports that the same feature is opposite him, the watch is stopped, and the elapsed 
time is found to be 34 seconds. 

Required.—Speed. 

Answer.—S 5.3 kn. 

2536a. Find the zone time of sunrise and sunset at lat. 79°20‘0N, long. 33°00-0 
E, on August 31, 1958. 

Answers.—Sunrise, ZT 0119; sunset, ZT 2219. 

2536b. Find the zone time of beginning of morning civil twilight, sunrise, sunset, 
and ending of evening civil twilight at lat. 67°30°0 N, long. 167°00‘0 W, on May 4, 1958. 

Answers.—Morning twilight, ZT 0105; sunrise, ZT 0305; sunset, ZT 2105; evening 
twilight, ZT 2305. 


644. POLAR NAVIGATION 


2536c. Find the zone time of moonrise and moonset at lat. 82°30/0 N, long. 56°15/0 
W, on June 23, 1958, and the phase of the moon on this date. 

Answers.—Moonrise, ZT 0904; moonset, ZT 0315; phase, crescent, about one day 
before first quarter. 


CHAPTER XXVI 
LIFEBOAT NAVIGATION 


Before Emergency Arises 


2601. Introduction.—The methods and techniques used in lifeboat navigation are 
those available at the time. With full equipment, lifeboat navigation differs little from 
that aboard ship. More often, however, it is a matter of improvising equipment from 
available materials, and developing procedures from a knowledge of basic principles. 
Ingenuity is often essential. The officer who navigates by blindly ‘following the 
steps” may be of little more value in a lifeboat devoid of familiar navigational equip- 
ment than the man who has never set foot on the bridge of a ship. The wise officer 
becomes thoroughly familiar with the theory of navigation: the celestial triangle, the 
circle of equal altitude, and the other basic principles involved. He should be able 
to identify the most useful stars, and know how to solve his sights by any widely used 
method, because his favorite method may not be available. He should be able to 
construct a plotting sheet with a protractor, and use distress signaling equipment. 
Familiarity with the coordinates (latitude and longitude) of land points in the area 
of operations, ability to interpret wind and weather signs, knowledge of the ocean 
currents, and skill in handling a small boat are parts of the practical navigator’s basic 
education which assume their greatest importance in an emergency. For the navi- 
gator prepared with such knowledge, and a determination to succeed, the situation is 
never hopeless. Some method of navigation is always available. 

2602. Emergency navigation kit——In time of national emergency, the prudent 
navigator will provide each lifeboat with a kit containing the equipment which it is 
practical to carry for emergency navigational purposes (art. 2603). Even in peacetime 
it is good practice to have one such kit permanently located in the chart house or the 
wheel house so that it can be quickly transferred to a lifeboat when needed. 

The least preparation made should be a check-off list of items to be assembled if 
time permits, so that nothing will be overlooked. Such a list can be helpful even if 
one or more emergency kits have been provided. The list should be kept in a prominent 
place on the bridge or near the lifeboats, perhaps framed under glass. All officers 
should be familiar with its location and should be acquainted with the location and 
identity of each item listed. 

Junior officers or reliable crew members should be assigned the duty of bringing 
to their stations, during abandon ship drill, emergency navigational equipment not 
permanently stowed in the boats. A senior officer should then check each item against 
the equipment check-off list to ascertain that nothing has been overlooked. 

2603. Equipment.—lIf practicable, full navigational equipment should be provided. 
As many as possible of the items in the following list should be included. All of these 
except a timepiece, and possibly a sextant and radio, can be kept in the emergency 
navigation kit recommended in article 2602. 

1. Notebook suitable for use as a deck log and for performing computations. 
Several items of information should be written in this notebook in advance, so as to 
be available when and if needed. Such items include the latitude and longitude of 
various places in the area of operation; any desired information on currents and weather ; 
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declination and SHA of several widely scattered stars, with any needed information 
on identifying them; desired notes and tables from this chapter and elsewhere; any 
desired general information, such as a list of poisonous fish and those items which may 
prove useful for survival. This section of the notebook should be brief and the items 
limited to those most essential in time of emergency. 

2. Charts and other plotting materials. A pilot chart is most suitable for lifeboat 
use, both for plotting and as a source of information on variation of the compass, 
shipping lanes, currents, winds, and weather. Charts for both the summer and winter 
seasons should be included. During World War II pilot charts were printed on water- 
proof material suitable for use in a lifeboat. Plotting sheets (art. 323) are useful but 
not essential if charts are available. The plotting sheets should cover the latitudes 
in which the ship operates. Universal plotting sheets (art. 324) may be preferred, 
particularly if the latitude coverage is large. Several maneuvering boards, H.O. 2665— 
10, (art. 1212) and several sheets of cross-section paper (preferably with ten squares per 
inch) should be included, as these have many uses. 

3. Plotting equipment. Pencils, erasers, straightedge, protractor, dividers and 
compasses (not essential, but useful), and a knife or pencil sharpener should be included. 
Preferably, the straightedge and protractor should be combined in a single device 
constituting some kind of plotter (art. 605). A ruler graduated in inches and fractions 
may be useful. 

4. Timepiece. A good watch is needed if longitude is to be determined astronom- 
ically. This watch should be waterproof or kept in a waterproof container which permits 
reading and winding of the watch without exposing it to the elements. The watch 
should be wound regularly and a record kept of its error and rate of change. Even 
if one or more such watches are available, the possibility of taking along the chro- 
nometers should not be overlooked. 

5. Sextant. A marine sextant should be taken along if possible. However, since 
this may be impractical, a lifeboat sextant, or materials for constructing one, should 
be provided. Several commercially manufactured lifeboat sextants have been made 
available, particularly during wartime. A lifeboat sextant can be made of wood or 
other rigid material, two small mirrors, and a pivot. The graduations of the arc 
should be double those of a compass rose (an angle of 5° should be labeled 10°, etc.). 
It is not necessary to provide a vernier, or means of adjusting the sextant, since 
accuracy of 0°1 is satisfactory for lifeboat use. 

6. Almanac. A Nautical Almanac for the current year is desirable. In an emer- 
gency an almanac for another year can be used for stars and the sun without serious 
error by lifeboat standards, if suitable adjustment is made (art. 2617). Some form of 
long-term almanac, as that given in appendix X, might well be copied or pasted in 
the notebook suggested as item 1, above. 

7. Tables. Some form of table will be needed for reducing celestial observations. 
The most suitable is one that does not require much space. If a table of trigonometric 
functions (either logarithmic or natural) is provided, formulas should be included with 
them. It is not wise to trust the memory for such vital information. A set of tables 
similar to H.O. Pub. No. 214 can be made at 5° intervals of t,d,and L. Only one page 
is needed for each latitude entry (5°) if declination is limited to about 30° (sufficient for 
bodies of the solar system and many stars), entries are given to the nearest 0°1 for 
altitudes and 1° for azimuth, and the delta (A) values are omitted. Traverse tables 
and others given in this chapter are useful. 

8. Compass. Each lifeboat is required to carry a magnetic compass. A deviation 
table for each compass should be made while in port, with magnetic material in its 
normal place. It would be well to check the accuracy of each table periodically. 
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9. Flashlight. A flashlight is required to be carried in each lifeboat. The batteries 
should be replaced from time to time, as necessary. Extra batteries and bulbs might 
well be carried. 

10. Portable radio. If a portable radio is available, be sure it is included. Whether 
this is one of the transmitting-receiving sets approved by the Federal Communications 
Commission for lifeboat use, or merely a small receiver of limited range owned by a 
crew member, do not overlook it, as it may be used as a radio direction finder. 

2604. Position of ship——A knowledge of the position of the vessel at the time it is 
abandoned is of great importance. The officer on watch on the bridge should never 
permit himself to become careless in the matter of keeping a mental note of the ap- 
proximate position of the vessel. During wartime, or whenever the possibility of 
abandoning ship might reasonably be anticipated, the radio operator should be pro- 
vided with a list of advance dead reckoning positions. 


Abandoning Ship 


2605. Before lowering boats.—The period between the decision to abandon ship 
and the actual leaving of the vessel is a highly important one. It is also a period of 
mental strain and possible confusion. The degree to which the crew can be prepared 
for the ordeal ahead depends upon the amount of time available and the thoroughness 
of the preparation that has been made. If there has been advance warning of the 
possibility of the decision, certain preparations can be made before the decision is 
reached. If time permits, after the decision to abandon ship has been made, the radio 
operator should send a final distress message, giving the ship’s position and any other 
pertinent information. It will be important later to know whether an acknowledgment 
of receipt of the message was received. Any available time can be wisely used to check 
the navigational equipment in each boat and assemble missing items. There may be 
time to make a last minute check of position of the ship, position of any nearby land, 
set and drift of current, present and forecast weather, watch error, and date. These 
items should be written down. Perhaps the chart can be taken along. Equipment 
should be properly secured before lowering the boats. In a rough sea it may be de- 
sirable to lower the sextant, chronometer, and radio into the boat after it is afloat. 

2606. Establishing command.—The identity of the person in command of each 
boat, and the over-all commander, should be firmly established. Almost invariably 
this will be the senior officer present. In a lifeboat, perhaps more than in any other 
circumstances, strong leadership is required if the confidence of the crew is to be main- 
tained. The officer whom the crew respects as a man, admires as a seaman, and rec- 
ognizes as a gentleman will have little or no trouble with discipline and cooperation 
of all on board. 

Morale is a prime consideration, and it grows in importance with the passage of 
time. The person in command should be recognized as the final authority in all 
matters, but it is important that he give to each person an opportunity to be heard, and 
that he keep all hands fully informed of the bad as well as of the good. Decisions will 
be more acceptable if the crew has been informed of each consideration as it arises, 
and so has been somewhat prepared. Complete fairness and impartiality are essential. 

2607. Estimate of the situation.—Perhaps the first item which should engage the 
attention of the person in command, after the lifeboat has cleared the stricken vessel, 
is the questioning of each person aboard to collect all the useful information available. 
It is well to determine what is known regarding the position of the ship, ocean currents, 
weather, astronomy, navigation, seamanship, sailing, etc. Find out who owns watches 
and what each owner knows about the error and rate of his watch. Establish a routine 
for winding and comparing them. No useful skill or knowledge should be overlooked ; 
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all should be fully considered in making the important decision of whether to remain 
in the vicinity of the disaster in the hope of rescue, or to attempt to reach land or a more 
heavily traveled shipping lane. 

This decision of whether to stay or leave may be the most important. one of the 
entire experience. Until comparatively recent times there was no problem. Because 
there was virtually no hope of assistance, the lifeboat crew had to rely upon itself. 
Since the development of modern communication and rescue facilities, however, it is 
often wiser to remain than to complicate the rescue problem by increasing the area to 
be searched. 

The decision should not be made until careful consideration has been given to all 
factors, nor should it be delayed longer than necessary. Considerations vary with the 
circumstances, but certainly the following should be included: 

Was a distress message sent before the ship was abandoned? Did it include the 
position of the ship? How accurate was the position? Is there any reasonable doubt 
that the message was received? If no message was sent, how soon will the ship be 
missed? What rescue facilities are available? How far away are they and how long 
will it be before help arrives? How conspicuous is the lifeboat? What facilities are 
available for attracting attention, either visually or by radar? How proficient is the 
crew in using such equipment? Is aradio transmitter available? What is the probable 
running time to the nearest land in several directions, considering the prevailing winds 
and currents, the motive power available, and the ability of the crew to use it? How 
long will the fresh water and rations last, and will they be sufficient to sustain the crew 
in the physical exertion required? 

If the decision is to stay, how will the crew occupy its time, remembering the 
increased morale problem with an idle crew? How will position be maintained, or 
regained if the boat drifts? Would it be practical to wait two or three days, perhaps, 
in the hope of rescue, and then to set out for land if help does not come? 

If the decision is to leave, where should the boat head? How soon can a well- 
traveled shipping lane be reached? In time of war, where is the enemy and where are 
friends? How large and conspicuous is the land in each direction, considering the low 
height of eye in a lifeboat? It may be better to head for conspicuous land 500 miles 
away than for a small, low island 200 miles away, particularly if the latter is in a direc- 
tion of unfavorable winds or currents, or takes the boat farther away from shipping 
lanes. 

Avoid, if possible, a hasty decision that will later be recognized as unwise. Dis- 
cuss the matter thoroughly with the crew, and when the decision is made, inform them 
of the reason for it. Do this in a manner that will invite their confidence and support. 
Inform them of the best estimate of the situation. 

2608. Selecting the route.—It is not always desirable to head directly for the 
objective. A longer route with favorable winds and currents may be quicker. A 
longer route by way of shipping lanes may enhance the possibility of rescue. 

With clear skies, latitude can be found with relatively crude equipment. But 
unless accurate Greenwich time is available, longitude cannot be found astronomically, 
even with the best equipment; nor is a nonastronomical method likely to be available. 
In the absence of reliable longitude information, it is better to head for a point at the 
latitude of the destination but so far east or west of it that no reasonable doubt will exist 
as to the direction of land when that latitude isreached. The distance of the point from 
the destination depends upon the degree of uncertainty of the longitude, remembering 
that this uncertainty is likely to increase with time. This method of “parallel sailing’’ 
was used for centuries before a method of determining or “discovering” longitude at 
sea was developed. 
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If the objective has a considerable extent in a north-south direction, the need for 
a final east-west leg is less critical, and in attempting to reach a continent or very large 
island, one need not consider it at all. In the absence of better information, an east 
or west course should be selected from the outset, since most large land masses of the 
earth are oriented in a general north-south direction. 

2609. Keeping boats together.—If more than one boat is launched, every effort 
should be made to keep them together. While the person in charge of each boat is 
responsible for decisions regarding his boat, considerable advantage is to be gained by 
keeping the boats together and recognizing one person, logically the senior officer 
present, as the over-all commander. Since navigational equipment and skill probably 
will differ widely from boat to boat, the benefits of any accurate navigation can be 
shared by all if the boats are close together. Other knowledge can be exchanged, 
equipment shared, and rations distributed equitably. It may be wise to shift some 
personnel among the boats, perhaps on a periodic basis, either to effect a better balance 
of skill and knowledge, or for morale purposes. 

2610. Lookout.—Always there is the possibility of sighting another vessel. Hence, 
a lookout should be posted at all times. This becomes of even greater importance 
when approaching land, or if the location of all land along the route is not known. If 
it is possible to rig a metal object high in the boat, this should be done to enhance the 
possibility of detection by radar. 


Dead Reckoning 


2611. Importance of dead reckoning.—Of the various kinds of navigation, dead 
reckoning alone is always available in some form. It should never be neglected, but in 
a lifeboat it is of more than average importance. A close check should be kept on the 
direction and distance made good, and all disturbing elements such as wind and current 
should be carefully evaluated. Long voyages have been successfully completed by 
this method alone, and landfalls have been made with surprising accuracy. ‘This is 
not meant to minimize the importance of other methods of determining position, but 
with the methods generally available in a lifeboat, one may well find that, during the 
first few days, his dead reckoning positions are more accurate than those determined 
by other methods. If the means of determining direction and distance—the elements 
of dead reckoning—are accurate, it might be well to make an adjustment to the dead 
reckoning only after consistent indication of the magnitude and direction of its error. 
The dropping of the dead reckoning at each uncertain “fix’’ is at best a questionable 
procedure. The conflicting information likely to be available calls for careful analysis 
and good judgment on the part of the navigator. 

2612. Deck log.—From the beginning a careful log should be kept. The date and 
time of abandoning ship should be the first entry, followed by navigational information 
available, and the various important decisions and the reasons for them. Since the 
conservation of paper may be important, record only the essentials of the important 
items, but do not overlook the recording in considerable detail of the selection of a 
commanding officer, changes in command, deaths, missing persons, and navigational 
information. 

The best determination of the position of abandoning ship should be recorded, 
followed by a full account of courses, distances, positions, winds, currents, and leeway. 
No important navigational information should be left to memory if it can be recorded. 

2613. Direction.—As one of the elements of dead reckoning, direction is an impor- 
tant item. As indicated in article 2603, a deviation table for each lifeboat compass 
should be determined in port, and checked periodically. At the first convenient oppor- 
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tunity after abandoning ship the accuracy should be checked on the course to be 
followed. 

If an almanac, accurate Greenwich time, and the necessary tables are available, 
the azimuth of any celestial body can be computed and this value compared with the 
azimuth as measured by the compass. If it is difficult to observe the compass azimuth, 
select a body dead ahead and note the compass heading. The difference between 
computed and observed azimuths is compass error. This is of more immediate value 
than deviation, but if the latter is desired, it can be determined by applying to the 
compass error the variation, from the pilot chart. 

Several unique astronomical situations occur, permitting determination of azimuth 
without computation: 

Polaris is always within 2° of true north for observers between the equator and 
latitude 60°N. When this star is directly above or below the celestial pole, its azimuth 
is exactly north at any latitude. This occurs approximately when the trailing star of 
either Cassiopeia (€ Cassiopeiae) or the big dipper (Alkaid) is directly above or directly 
below Polaris (fig. 2621). When a line through the trailing stars and Polaris is 
horizontal, the maximum correction should be applied. Below latitude 50° this can 
be considered 1°; and between 50° and 65°, 2°. If Cassiopeia is to the right of 
Polaris, the azimuth is 001° (or 002°), and if to the left, 359° (or 358°). The south 
celestial pole is located approximately at the intersection of a line through the longer 
axis of the southern cross with a line from the northernmost star of Triangulum Aus- 
trale perpendicular to the line joining the other two stars of the triangle. No conspic- 
uous star marks this spot (figs. 2205-2208). 

Meridian transit. Any celestial body bears due north or south at meridian transit, 
either upper or lower. This is the moment of maximum (or minimum) altitude of the 
body. However, since the altitude at this time is nearly constant during a considerable 
change of azimuth, the instant of meridian transit may be difficult to determine. If 
time and an almanac are available, and the longitude is known, the time of transit can 
be computed. 

Body on prime vertical. If any method is available for determining when a body 
is on the prime vertical (due east or west), the compass azimuth at this time can be 
observed. Table 25 provides this information. Any body on the celestial equator 
(declination 0°) is on the prime vertical at the time of rising or setting. For the sun 
this occurs at the time of the equinoxes (art. 1419). The star Mintaka (6 Orionis), 
the leading star of Orion’s belt, has a declination of approximately 0°3 S and can be 
considered on the celestial equator. For an observer near the equator, such a body is 
always nearly east or west. Because of refraction and dip, the azimuth should be 
noted when the center of the sun or a star is a little more than one sun diameter (half a 
degree) above the horizon. The moon should be observed when its upper limb is on 
the horizon. 

Body at rising or setting. Except for the moon, the azimuth angle (art. 1428) 
of a body is almost the same at rising as at setting, except that the former is toward the 
east and the latter toward the west. If the azimuth is measured both at rising and set- 
ting, true south (or north) is midway between the two observed values, and the differ- 
ence between this value and 180° (or 000°) is the compass error. Thus, if the compass 
azimuth of a body is 073° at rising, and 277° at setting, true south (180°) is at 
073°+277° . 
~—~9 _ =175° by compass, and the compass error is 5° E. This method may be 
in error if the boat is moving rapidly in a north or south direction. If the declination 
and latitude are known, the true azimuth of any body at rising or setting can be deter- 
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mined by means of a diagram on the plane of the celestial meridian (art. 1432) or by 
computation (art. 2125). For this purpose the body (except the moon) should be con- 
sidered as rising or setting when its center is a little more than one sun diameter (half a 
degree) above the horizon, because of refraction and dip. 

The direction of the sun in relation to the hands of a watch is sometimes advocated, 
but the limitations of this method are too great to permit general application. 

A simple nonastronomical method can be used for determining the deviation. 
An object that will float but not drift rapidly before the wind is thrown overboard. 
The boat is then steered as steadily as possible in the opposite direction to that desired. 
At a distance of perhaps half a mile, or more if the floating object is still clearly in 
view, the boat is turned around in the smallest practicable radius, and headed back 
toward the floating object. The magnetic course is midway between the course 
toward the object and the reciprocal of the course away from the object. Thus, 
if the boat is on compass course 151° while heading away from the object, 
and 337° while returning, the magnetic course is midway between 337° and 


Onis ° 
151°+180°=331°, or BO is seat 


9 =334°. Since 334° magnetic is the same as 337° 
by compass, the deviation on this heading is 3° W. 

If a compass is not available, any celestial body can be used to steer by, if its 
diurnal apparent motion is considered. A reasonably straight course can be steered 
by noting the direction of the wind, the movement of the clouds, the direction of the 
waves, or by watching the wake of the boat. A line can be secured to the side of the 
boat at a point amidships or forward. The line should tend parallel to the center line 
of the boat if on a straight course. The angle between the center line and the wake is 
an indication of the amount of leeway. The accuracy of the towed-object or wake 
method is affected adversely by a cross sea. 

A body having a declination the same as the latitude of the destination is over 
the destination once each day, at the time when its hour angle is the same as the longi- 
tude, measured westward through 360°. At this time it should be dead ahead if the 
boat is following the great circle leading directly through the destination. 

2614. Motive power.—A lifeboat is equipped with one or more of the following 
means of locomotion: oars, hand-operated propeller, motor, sail. Of these, only sail 
offers a practical means of travel over an extended period of time. Men living in an 
open boat, perhaps on reduced rations, should not attempt to expend their strength 
on hand locomotion, except for short periods. Likewise, the comparatively small 
fuel supply in a motorboat should be hoarded jealously. It may be desperately needed 
later, as for landing through a surf, preventing the boat from drifting onto a rocky 
coast, or making the land when a strong current is carrying the boat past an island. 

A sail should be rigged, for in it lies the best hope of reaching distant land. If 
the standard lifeboat sail is not available, a substitute can usually be devised, using the 
boat cover, or even clothing, and oars. 

2615. Distance can be determined directly between accurate fixes, but generally 
it is found by means of speed and elapsed time. A loaded lifeboat will not travel fast, 
under normal conditions. With fair wind and weather it may make good a speed of 
about two knots through the water. Hence the importance of wind and current. 
The navigator used to observing the sea from a high bridge usually overestimates 
his speed in a lifeboat, where he is only a few feet from the water. With practice, his 
ability should improve. 

Speed may be determined by using a form of chip log. Attach a long line to a 
heavy, floating object. Put one knot in the line twelve or fifteen fathoms from the 


652 LIFEBOAT NAVIGATION 


object, and another just ten fathoms (or any convenient distance) from the first. 
Stream the device over the side and let the line run out freely, noting the elapsed time 
between passage of the two knots through the hand. A variation of this is the Dutch- 
man’s log. A floating object is thrown overboard at the bow, and the elapsed time 
required for a known length along the centerline to pass it is noted. If alineis attached 
to the object, it may be used many times. With either variation, it is well to tie the 
bitter end of the line to the boat, to minimize danger of losing the whole device 
overboard. 
With either the chip or Dutchman’s log, the speed is determined by the formula: 


g_ 50 seconds per minute X60 minutes per hour feet between marks 
the 6,000 feet per mile seconds of elapsed time 


This is equal to: 


g_3,600 x feet between marks —__0.6 feet between marks 
~ 6,000 Xseconds of elapsed time _ seconds of elapsed time 


Since the feet between marks is constant, a convenient number can be selected. Thus, 
if the length is 16% feet, the formula becomes 


a: 10 
~ seconds of elapsed time 


If the elapsed time is ten seconds, the boat is traveling at one knot; if five seconds, at 
two knots; if eight seconds, at 1% knots, etc. 

If a watch is not available, a simple pendulum may be devised to time the interval. 
A piece of string with a weight attached, of a length of 9.8 inches (to the center of gravity 
of the weight), will, when suspended, make a complete swing (back and forth) once every 
second. For a pendulum 39.1 inches long the period is two seconds. With practice, 
time can be estimated with fair accuracy. 

It is not always possible to head directly along the course to the destination, 
because of adverse winds. It is better to make good progress in the general direction 
desired than none at all, and much better on morale. However, at times conditions 
may be so adverse that it will be best to drop sail until the wind shifts or abates. At 
such a time a sea anchor should be streamed to minimize loss of precious mileage, 
and, in severe conditions, to keep the boat headed into the sea. 

2616. Position by dead reckoning.—Plotting can be done directly on a pilot 
chart or plotting sheet. If this proves too difficult, or if an independent check is desired, 
some form of mathematical reckoning may be useful. Table 2616, 
Angle Factor a simplified traverse table, can be used for this purpose. This is a 

. critical-type table, various factors being given for limiting values 
of certain angles. To find the difference or change of latitude, in 


ae tt ‘ minutes, enter the table with course angle, reckoned from north or 

41. 0-8 south toward the east or west. Multiply the distance run, in miles, 

Ee B h by the factor. To find the departure, in miles, enter the table with 

63 . the complement of the course angle. Multiply the distance run, in 

0.3 miles, by the factor. To convert departure to difference of longi- 

81 roe tude, in minutes, enter the table with mid latitude. Divide the 
0. 0 


departure by the factor. 
Example.—A lifeboat travels 26 miles on course 205°, from 
° / 
TABLE 2616.—Simpli- L 41°44 Mb d 56°21’ W. 
fied traverse table. Required.—Latitude and longitude of the point of arrival. 
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Solution—The course angle is 205°—180°=S25°W, and the complement is 
90°—25°=—65°. The factors corresponding to these angles are 0.9 and 0.4, respectively. 
The difference of latitude is 26X0.9=23’ (to the nearest minute) and the departure is 
26X0.4=10 mi. Since the course is in the southwestern quadrant, in the northern 
hemisphere, the latitude of the point of arrival is 41°44’ N—23’=41°21’N. The 
factor corresponding to the mid latitude 41°32’ N is 0.7. The difference of longitude is 
10-+-0.7=14’. The longitude of the point of arrival is 56°21’W-+14’=56°35’ W. 

Answer.—L 41°21’ N, d 56°35’ W. 


Celestial Navigation 


2617. Celestial coordinates.—Almanac information, particularly declination and 
Greenwich hour angle of bodies, is important to celestial navigation. If the current 
Nautical Almanac is available, there is no problem. If the only copy available is for 
a previous year, it can be used for the sun, Aries, and stars without serious error, by 
lifeboat standards. However, for greater accuracy, proceed as follows: For de- 
clination of the sun, enter the almanac with a time that is earlier than the correct time 
by 5°49™ times the number of years between the date of the almanac and the correct 
date, adding 24" for each February 29 that occurs between the dates. If the date is 
February 29, use March 1 and reduce by one the number of 24" periods added. For 
GHA of the sun or Aries determine the value for the correct time, adjusting the minutes 
and tenths of arc to agree with that at the time for which the declination is determined. 
Since the adjustment never exceeds half a degree, care should be used when the value is 
near a whole degree, to prevent the value from being in error by 1°. Appendix X is a 
long-term almanac giving values of GHAY, and GHA and declination of the sun. 
Instructions for its use are included in the appendix. A reproduction of this almanac 
might profitably be included in the navigational kit mentioned in article 2602. 

If no almanac is available, a rough approximation of the declination of the sun 
can be obtained as follows: Count the days from the given date to the nearer solstice 
(June 21 or December 22). Divide this by the number of days from that solstice to 
the equinox (March 21 or September 23), using the equinox that will result in the given 
date being between it and the solstice. Multiply the result by 90°. Enter table 2616 
with the angle so found, and extract the factor. Multiply this by 23°45 to find the 
declination. 

Example 1.—The date is August 24. 

Required.—The approximate declination of the sun. 

Solution.—The number of days from the given date to the nearer solstice (June 
21) is 64. There are 94 days between June 21 and September 23. Dividing and 
multiplying by 90°, 

64 per gh) 
94° 90°=6173. 


The factor from table 2616 is 0.5. The declination is 23°45 X0.5=11°7. It is known 
to be north because of the date. 

Answer.—Dee. 11°7N. 

The accuracy of this solution can be improved by considering the factor of table 
2616 as the value for the mid angle beween the two limiting ones (except that 1.00 
is correct for 0° and 0.00 is correct for 90°), and interpolating to one additional decimal. 
In this instance the interpolation would be between 0.50 at 59°5 and 0.40 at 66°. 
The interpolated value is 0.47, giving a declination of 11°0 N. Still greater accuracy 
can be obtained by using a table of natural cosines instead of table 2616. By natural 
cosine the value is 11°3N. 
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If the latitude is known, the declination of any body can be determined by observ- 
ing a meridian altitude. In a lifeboat it is usually best to make a number of observa- 
tions shortly before and after transit, plot the values on cross-section paper, letting 
the ordinate (vertical scale) represent altitude, and the abscissa (horizontal scale) the 
time. The altitude is found by fairing a curve or drawing an arc of a circle through 
the points, and taking the highest value. A meridian altitude problem is then solved 
in reverse. 

Example 2.—The latitude of a lifeboat is 40°16’S. The sun is observed on the 
meridian, bearing north. The observed altitude is 36°29’. 

Required.—Declination of the sun. 

Solution.—The zenith distance is 90°—36°29’=53°31’. The sun is 53°31’ north 
of the observer, or 13°15’ north of the equator. Hence, the declination is 13°15’ N. 

Answer.—Dec. 13°15’N. 

The GHAT can be determined approximately by considering it equal to GMT 
(in angular units) on September 23. To find GHAY on any other date, add 1° for 
each day following September 23. The value is approximately 90° on December 22, 
180° on March 21, and 270° on June 21. The values so found can be in error by as 
much as several degrees, and so should not be used if better information is available. 
An approximate check is provided by the great circle through Polaris, Caph (the leading 
star of Cassiopeia), and the eastern side of the square of Pegasus. When this great 
circle coincides with the meridian, LHAY is approximately 0°. The hour angle of a 
body is equal to its SHA plus the hour angle of Aries. 

If an error of as much as 4°, or a little more, is acceptable, the GHA of the sun 
can be considered equal to GMT+180° (12%). For more accurate results, one can 
make a table of the equation of time from the Nautical Almanac perhaps at five- or ten- 
day intervals, and include this in the emergency navigation kit mentioned in article 
2602. The equation of time is applied according to its sign to GMT+180° to find 
GHA. 

2618. Altitude measurement.—If a sextant is available, either one from the pilot 
house or an emergency-type instrument, altitudes are measured in the usual manner. 
The sextant should be shielded as much as possible from wind and spray. If the sea 
is rough, the observer should brace himself against the mast and make his observation 
when on the crest of a wave, when the horizon is least likely to be obscured by nearby 
waves. It is usually good practice to make a number of observations and average 
both the altitudes and times, or plot on cross-section paper the altitudes versus time, 
using any convenient time and the corresponding altitude for solving the observation. 

The improvisations which may be made in the absence of a sextant are so varied 
that in virtually any circumstances the application of a little ingenuity and some effort 
will produce a device for measuring altitude. The results obtained with any improvised 
method will be approximate at best, but if a number of observations are averaged, the 
accuracy should be improved. Almost always a measurement, however approximate, 
is better than an estimate. Two general classes of improvisation are available: 

1. By circle. Any circular scale, such as a maneuvering board (H.O. 2665-10), 
compass rose, protractor, or plotter can be used to measure altitude or zenith distance 
directly. This is the principle of the ancient astrolabe (art. 124). A maneuvering 
board or compass rose is usually handled best by mounting it on a flat board. A pro- 
tractor or plotter may be so mounted or used directly. There are a number of variations 
of the technique of using such a device. Some of them are: 

A peg or nail is placed at the center of the circle and perpendicular to it. A weight 
is hung from the 90° graduation, and a string for holding the device is attached at the 
270° graduation. When it is held with the weight acting as a plumb bob, the 0°-180° 
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line is horizontal (fig. 2618a). In this posi- 
tion the board is turned in azimuth until it 
is in line with the sun. The intersection of 
the shadow of the center peg with the arc of 
the circle indicates the altitude of the center 
of the sun. 

The weight and loop can be omitted and 
pegs placed at the 0° and 180° points of the 
circle. While one observer sights along the 
line of pegs to the horizon, an assistant notes 
the altitude. 

The weight can be attached to the center 
pin, and the three pins (0°, center, 180°) 
aligned with the celestial body. The reading 
is made at the point where the string hold- 
ing the weight crosses the scale. The reading 
thus obtained is the zenith distance unless 
the graduations are labeled to indicate alti- 
tude. This method, illustrated in figure 2618b, 
is used for bodies other than the sun. 

Whatever the technique, it is good prac- 
tice to reverse the device for half the readings 
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Figure 2618a.—Improvised astrolabe; shad- 


ow method. Pegs and board shown tilted 
for clarity. 


of a series, to minimize errors of construction. Generally, the circle method produces 
more accurate results than the right triangle method, described below. 


2. By right triangle. 


The principle of the ancient cross-staff can be used to estab- 


lish one or more right triangles, which can be solved by measurement of the angle 
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Figure 2618b.—Improvised astrolabe; direct 5 
method. Pegs and board shown tilted for clarity. 


sighting 


representing the altitude, either 
directly or by reconstructing the 
triangle. Another way of deter- 
mining the altitude is to measure 
two of the sides of the triangle 
and divide one by the other to 
determine one of the trigonomet- 
ric functions. This procedure, 
of course, requires a source of 
information on the values of 
trigonometric functions corre- 
sponding to various angles. If 
the cosine is found, table 2616 
can be used. The tabulated 
factors can be considered correct 
to one additional decimal for the 
value midway between the limit- 
ing values (except that 1.00 is 
the correct value for 0° and 0.00 
is the correct value for 90°) with- 
out serious error by lifeboat 
standards. Interpolation can 
then be made between such 
values. By either protractor or 
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table, most devices can be graduated in advance so that angles can be read directly. 
There are many variations of the right triangle method. Some of these are: 

Two straight pieces of wood can be attached to each other in such a way that 
the shorter one can be moved along the longer, the two always being perpendicular to 
each other. The shorter piece is attached at its center. One end of the longer arm is 
held to the eye. The shorter arm is moved until its top edge is in line with the celestial 
body, and its bottom edge is in line with the horizon. Thus, two right triangles are 
used (the third sides being the slant distances between the ends of the arms) each repre- 
senting half the altitude (fig. 2618c). For low altitudes, only one of the triangles is used, 
the long arm being held in line with the horizon. The length of half the short arm, 
divided by the length of that part of the long arm between the eye and the intersection 
with the short arm, is the tangent of half the altitude (the whole altitude if only one 
right triangle is used). The cosine can be found by dividing that part of the long arm 
between the eye and the intersection with the short arm by the slant distance from the 
eye to one end of the short arm. Graduations consist of a series of marks along the 

long arm indicating settings for 

\ various angles. The device 

a should be inverted for alternate 
readings of a series. 

A rule or any stick can be 
held at arm’s length. The top 
of the rule is placed in line with 
the celestial body being ob- 
served, and the top of the 
thumb is placed in line with 


G2 2 Jo Jieingaasn 1d Boye 9G the horizon. The rule is held 
TO HORIZON vertical. The length of rule 
Ficure 2618c.—Improvised cross-staff. above the thumb, divided by 


the distance from the eye to the 
top of the thumb is the tangent of the angle observed. The cosine can be found by divid- 
ing the distance from the eye to the top of the thumb by the distance from the eye to 
the top of the rule. If the rule is tilted toward the eye until the minimum of rule is 
used, the distance from the eye to the middle of the rule is substituted for the distance 
from the eye to the top of the thumb, half the length of the rule above the thumb is 
used, and the angle found is multiplied by two. Graduations consist of marks on the 
rule or stick indicating various altitudes. For the average observer each inch of rule 
will subtend an angle of about 2°3, assuming an eye-to-ruler distance of 25 inches. This 
relationship is good to a maximum altitude of about 20°. The accuracy of this relation- 
ship for a specific observer can be checked by comparing the measurement against 
known angles in the sky. Angular distances between stars can be computed by sight 
reduction methods, including H.O. Pub. No. 214, by using the declination of one star as 
the latitude of the assumed position, and the difference between the hour angles (or 
SHA’s) of the two bodies as the meridian angle. The angular distance is the complement 
of the computed altitude. The angular distances between some well-known star pairs 
are: end stars of Orion’s belt, 2°7; pointers of the big dipper, 5°4; Rigel to Orion’s belt, 
9°0; eastern side of the great square of Pegasus, 14°0; Dubhe (the pointer nearer Polaris) 
and Mizar (the second star in the big dipper, counting from the end of the handle), 19°3. 
The angle between the lines of sight from each eye is, at arm’s length, about 6°. 
By holding a pencil or finger horizontal, and placing the head on its side, one can esti- 
mate an angle of about 6° by closing first one eye and then the other, and noting how 
much the pencil or finger appears to move in the sky. 
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The length of the shadow of a peg or nail mounted perpendicular to a horizontal 
board can be used as one side of an altitude triangle. The other sides are the height 
of the peg and the slant distance from the top of the peg to the end of the shadow. The 
height of the peg, divided by the length of the shadow, is the tangent of the altitude of 
the center of the sun. The length of the shadow divided by the slant distance is the 
cosine. Graduations consist of a series of concentric circles indicating various altitudes, 
the peg being at the common center. The device is kept horizontal by floating it in 
a bucket of water. Half the readings of a series are taken with the board turned 180° 
in azimuth. 

Two pegs or nails can be mounted perpendicular to a board, with a weight hung 
from the one farther from the eye. The board is held perpendicular and the two pegs 
aligned with the body being observed. The finger is then placed over the string holding 
the weight, to keep it in position as the board is turned on its side. A perpendicular 
is dropped from the peg nearer the eye, to the string. The altitude is the acute angle 
nearer the eye. For alternate readings of a series, the board should be inverted. 
Graduations consist of a series of marks indicating the position of the string at various 
altitudes. 

As the altitude decreases, the triangle becomes smaller. At the celestial horizon 
it becomes a straight line. No instrument is needed to measure the altitude when either 
the upper or lower limb is tangent to the horizon, as the ‘‘sextant”’ altitude is then 0°. 

2619. Sextant altitude corrections.—If altitudes are measured by a marine sextant, 
the usual sextant altitude corrections apply (ch. XVI). If the center of the sun or 
moon is observed, either by sighting at the center or by shadow, the lower-limb correc- 
tions should be applied, as usual, and an additional correction of (—)16’ applied. If 
the upper limb is observed, use (—) 32’. If a weight is used as a plumb bob, or if the 
length of a shadow is measured, omit the dip (height of eye) correction. 

If the almanac is not available for making corrections, each source of error can be 
corrected separately, as follows: 

Index correction. If a sextant is used, the index correction should be determined 
and applied to all observations, or the sextant adjusted to eliminate index error. 
Refraction is given to the nearest minute of arc in table 


Alt. Refr. 2619. The value for a horizon observation is 34’. If the nearest 
omild 0°1 is sufficiently accurate, as with. an improvised method of 
5 9 observing altitude, a correction of 0°1 should be applied for 
¢ ; altitudes between 5° and 18°, and no correction applied for 
8 6 greater altitudes. Refraction applies to all observations, and 
i A is always a minus (—) correction. 
15 3 Dip, in minutes of arc, is approximately equal to the square 
a Z root of the height of eye, in feet. The correction applies to all 
63 9 observations in which the horizon is used as the horizontal ref- 
oS erence. It is always a minus (—) correction. If 0°1 accuracy 
TABLE 2619.—Re- is used, no dip correction is needed for lifeboat heights of eye. 
fraction. Semidiameter. The semidiameter of either the sun or moon 


does not differ greatly from 16’. The correction does not apply to other bodies or 
to observations of the center of the sun and moon, by whatever method, including 
shadow. The correction is plus (+) if the lower limb is observed, and minus (—) if 
the upper limb is observed. 

Parallax. For lifeboat accuracy, parallax is applied to observations of the moon 
only. An approximate value, in minutes of arc, can be found by multiplying 57’ 
by the factor from table 2616, entering that table with altitude. For more accurate 
results the factors can be considered correct to one additional decimal for the altitude 
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midway between the limiting values (except that 1.00 is correct for 0° and 0.00 is 
correct for 90°), and the values for other altitudes can be found by interpolation. This 
correction is always plus (+). 

For observations of celestial bodies on the horizon, the total correction for zero 
height of eye is: 


Sun. Lower limb: (—) 18’, upper limb: (—) 50’. 
Moon. Lower limb: (+) 39’, upper limb: (+) 7’. 
Planet or star. (—) 34’. 


Dip should be added algebraically to these values. 

Since the “‘sextant”’ altitude is zero, the “observed” altitude is equal to the total 
correction. 

2620. Sight reduction.—If any tables designed for sight reduction, such as H.O. 
Pub. No. 214, are available, they should be safeguarded to prevent loss or damage. If 
trigonometric tables and the necessary formulas are available, they will serve the 
purpose. Speed in solution is seldom a factor in a lifeboat. A slow method might 
actually be an asset, from a morale standpoint, as it will provide occupation for a limited 
time for at least one crew member. If tables but no formulas are available, carefully 
determine the mathematical knowledge possessed by the crew. Someone may be able 
to provide the missing information. If the formulas are available, but no tables, 
approximate natural values of the various trigonometric functions can be obtained 
graphically by the method explained in article O39. Graphical solution of the naviga- 
tional triangle can be made by the orthographic method explained in article 1432. A 
maneuvering board (H.O. 2665-10) might prove helpful in the. graphical solution for 
either trigonometric functions or altitude and azimuth. Very careful work will be 
needed for useful results by either method. 

Unless full navigational equipment is available, better results might be obtained 
by making separate determinations of latitude and longitude. 

2621. Latitude determination.—Several methods are available for determining 
latitude, and in none of them is accurate time needed. 

Meridian altitude. Latitude can be determined by means of a meridian altitude 
of any body, if its declination is known. The method is explained in article 2103. 
If accurate time, knowledge of the longitude, and an almanac are available, the observa- 
tion can be made at the correct moment, as determined in advance. However, if any 
of these is lacking, or if an accurate altitude-measuring instrument is unavailable, 
better procedure is to make a number of altitude observations before and after meridian 
transit. A plot is then made of altitude versus time, if cross-section paper is available, 
and the highest (or lowest, for lower transit) altitude is scaled from a curve faired 
through the plotted points. At lifeboat speeds this procedure is not likely to introduce a 
significant error. The time used for plotting the observations need not be accurate, 
as elapsed time between observations is all that is needed, and this is not of critical 
accuracy. Thus, even a watch that has run down and then been rewound can be used 
without resetting. Any altitudes that are not consistent with others of the series 
should be discarded. 

Polaris. Latitude by Polaris is explained in article 2105. In a lifeboat, only 
the first correction is of practical significance. If suitable tables are not available, this 
correction can be estimated. The trailing star of Cassiopeia (€ Oassiopeiae) and Polaris 
have almost exactly the same SHA. The trailing star of the big dipper (Alkaid) is 
nearly opposite Polaris and « Cassiopeiae. These three stars, « Cassiopeiae, Polaris, and 
Alkaid, form a line through the pole (approximately). When this line is horizontal, 
there is no correction. When it is vertical, the maximum correction of 56’ applies. 
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It should be added to the observed altitude if Alkaid is at the top, and subtracted if 
e Cassiopeiae is at the top. For any other position, estimate the angle this line makes 
with the vertical (fig. 2621), and multiply the maximum correction (56’) by the factor 
from table 2616, adding if Alkaid is higher than e Cassiopeiae, and subtracting if it is 
lower. For more accurate results, the factor from table 2616 can be considered accu- 
rate to one additional decimal for the mid value between those tabulated (except that 
1.00 is correct for 0° and 0.00 for 90°). Other values can be found by interpolation. 

Length of day. The length of the day varies with latitude. Hence, latitude can 
be determined if the elapsed time between sunrise and sunset can be observed. Correct 
the observed length of day by adding 1™ for each 15’ of longitude traveled toward the 
east and subtracting 1™ for each 15’ of longitude traveled toward the west. The latitude 
determined by length of day is the value for the time of meridian transit. Since 
meridian transit occurs approximately mid- 
way between sunrise and sunset, half the | 
interval may be observed and doubled. If eves & F | 
a sunrise and sunset table is not available, ota Aasal 
the length of daylight can be determined if 

6 . * 
graphically by means of a diagram on the ", 
plane of the celestial meridian (art. 1432). 

A maneuvering board (H.O. 2665-10) is 
useful for this purpose. This method can- 

not be used near the time of the equinoxes, 

and is of little value near the equator. The 
moon can be used if moonrise and moonset 
tables are available, but with the moon { 
the half-interval method is of insufficient 
accuracy, and allowance should be made for 
the longitude correction. 

Body in zenith. The declination of a fis 5 
body in the zenith is equal to the latitude emi Sere eRe Pee ene Se 
of the observer. If no means are available north celestial pole. 
for measuring the altitude, the position 
of the zenith may possibly be estimated in a calm sea by lying in the lifeboat and 
looking skyward. The accuracy of the results depends upon the ability to estimate 
the position of the zenith. Use of a plumb bob may help. 

Variation of the compass can occasionally be used for determining latitude, as 
explained in article 2622. 

2622. Longitude determination.—Unlike latitude, longitude requires accurate 
Greenwich time for its determination by astronomical means. All such methods 
consist of noting the Greenwich time at which a phenomenon occurs locally. In 
addition, a table indicating the time of occurrence of the same phenomenon at Green- 
wich, or equivalent information, is needed. 

Time of transit. When a body is on the local celestial meridian, its GHA is the 
same as the longitude of the observer if in west longitude, or 360°—\ in east longitude. 
Thus, if the GMT of local transit is determined and a table of Greenwich hour angles 
(or time of transit of the Greenwich meridian) is available, longitude can be computed. 
If only the equation of time is available, the method can be used with the sun. This 
is the reverse of the problem of finding the time of transit of a body (art. 2104). The 
time of transit is not always apparent. If a curve is made of altitude versus time, as 
suggested in article 2621, the time corresponding to the highest altitude is used in the 
determination of longitude. Under some conditions it may be preferable to observe 
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an altitude before meridian transit and then again after meridian transit, when the 
body has returned to the same altitude as at the first observation. Meridian transit 
occurs midway between these two times. A body in the zenith is on the celestial 
meridian. If accurate azimuth measurement is available, note the time when the 
azimuth is 000° or 180°. 

Sunrise and sunset. The difference between the observed GMT of sunrise or 
sunset and the LMT tabulated in the almanac is the longitude in time units, which 
can then be converted to angular measure. If the Nautical Almanac is used, this 
information is tabulated for each third day only. Greater accuracy can be obtained if 
interpolation is used for determining intermediate values. Moonrise or moonset can 
be used if the tabulated LMT is corrected for longitude (art. 1812). Planets and 
stars can be used if the means are available for determining the time of rising or setting. 
This can be determined by computation (art. 2536) or, approximately, by means of a 
diagram on the plane of the celestial meridian (art. 1432). 

Either of these methods can be used in reverse to set a watch that has run down, 
or to check the accuracy of a watch, if the longitude is known. In the case of a meridian 
transit the time need not be determined at the instant of transit. The watch is started 
and the altitude is then measured several times before and after transit, or at equal 
altitudes. The times of these observations are noted and from them the time of 
meridian transit is determined. The difference between this time and the correct 
time of transit can then be used as a correction to reset the watch. If a watch runs 
down and cannot be reset from other timepieces, the correct time should be determined 
at the first opportunity, if the longitude accuracy is likely to deteriorate. 

Variation of the compass. If the deviation of the compass is known accurately 
and an accurate azimuth can be observed, it is possible to determine the variation. 
If this is compared with the variation shown on the pilot chart, an approximate line 
of position can be determined. Since in many areas these lines run in a generally 
north-south direction, this may be an indication of the longitude. However, if the line 
has a large east-west component, it should be considered as any other such line of 
position, rather than as a longitude line. In some areas it is more nearly a latitude 
line. The accuracy of the method depends upon the accuracy. with which the variation 
can be determined, and the spacing between adjacent isogonic lines. 

Time sight. If altitude of a celestial body is available, including zero ‘‘sextant’’ 
altitude at rising or setting (art. 2619), longitude can be found by time sight (art. 2106). 


Approaching Land 


2623. Signs of land.—There are a number of signs which may indicate that the 
lifeboat is approaching land. 

The sky will sometimes indicate a break in the open sea. A small fixed cloud, when 
surrounding ones are in motion or absent, will usually be over or close toland. At high 
latitudes, a light-colored reflection in the sky might be over an ice area; a light green 
reflection in the tropical sky might indicate a shallow lagoon. Such indications may be 
even more apparent on the under side of a uniform cloud layer. 

Birds most often fly away from land at dawn and toward it at dusk. A large 
number of birds may indicate the nearness of land. 

Swell, properly interpreted, may be used as a guide to land. Consecutive swells 
travel parallel until they reach an island and then “bend” around it. Eddies are formed 
where the distorted swell meets beyond the island. This eddy line may be used as a 
bearing to land, sometimes at a considerable distance. 
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The color of the sea may act as a guide in finding land as the open sea generally 
appears dark blue or dark green, and a lighter shade indicates shallow water, which 
may be near land. 

The sound of the surf is often heard while still a considerable distance from land. 
Other sounds may also be heard at great distances. 

Odors, as from burning wood, sometime carry a long way out to sea. 

Sounds and odors may be particularly helpful in periods of reduced visibility. 

2624. Distance off.—At sea in a lifeboat the navigator is handicapped by his 
limited range of visibility. Distance to the horizon, in nautical miles, is given approxi- 
mately by the formula 1.15+/h, h being the height of eye in feet. Thus, distance in 
miles is approximately 1% times the square root of the height in feet. At an eye height 
of nine feet, the horizon is about 3% miles away. A loaded Victory ship, whose greatest 
mast height is about 81 feet above the water line, could be seen 1.15-/81 or 10.35 miles 
by an observer at zero height of eye. Ata height of eye of nine feet the top of the mast 
_ should break the horizon when the ship is about 13.8 miles off. 

If the height of an object above the horizon, or the distance between points on 
it, is known, a simple proportion can be solved to determine the distance off by use of 
the cross-staff (art. 2618) or a similar device. To do this, align the two ends of the 
crosspiece with top and bottom, or two ends, of the object. The ratio of the length of 
the crosspiece to the length from this piece to the eye is the same as the ratio of the 


Ficure 2624.—Using the cross-staff to measure distance. 


height (or length) of the object to its distance from the observer (fig. 2624). Thus, if 

the crosspiece is 18 inches and the intercepted length of the long piece is 31 inches, the 

distance to an island 1% miles wide in the line of sight is found from the proportion 
19. Who Des) 


Ae 18 


D= Bas Lamapy miles. 
18 
In this proportion the two parts of either fraction must be expressed in the same units 
if results are to be obtained without a conversion factor. Thus, both 18 and 31 are 
expressed in inches, and both 1.5 and 2.6 are in miles. For small or distant objects 
the crosspiece may be too long. In this case replace it with a shorter one, use half or 
less of it, or substitute some other device such as a rule held at arm’s length. In the 
case of a height, only the visible part of the object is used if the horizon is between the 


observer and the object. 
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A variation of this method can produce approximate results rather quickly. Hold 
a pencil, stick, or finger vertical at arm’s length. Close one eye and align the vertical 
member with one end of an object such as an island. Open the closed eye and close 
the other one. Estimate the distance the vertical member appears to move against 
the background. The distance of the background object is ten times the amount of 
apparent movement, in the same units. The actual ratio varies somewhat among 
individuals and can be determined by comparing the length of the outstretched arm with 
the distance between eyes—or by practice on objects of known size at known distances. 
For vertical objects hold the extended member horizontal and bend the head until it, 
also, is horizontal. 

2625. Beaching the boat.—The beaching of a lifeboat may be one of the most 
dangerous parts of the entire experience. The approach to an island should be made 
on the lee side, if possible, and every effort should be made to attract the attention of 
any inhabitants so that advice on the best place to land, and perhaps assistance, might 
be obtained. If no help is available, sail parallel to the coast to study the terrain and 
determine the safest place to beach the boat. A lagoon or other sheltered area may be 
available. It may be necessary to delay the landing overnight to make a complete study 
of the terrain and to beach the boat by daylight. Surf appears less rough from the sea 
than from land. High spray indicates a rough surf. 

If a steering oar is available, the rudder should be unshipped before the boat is 
brought in, as the steering oar will provide better control in the surf zone. The sea 
anchor should be used to lessen the possibility of broaching and capsizing. Storm oil 
should be used, if available, to reduce the roughness of the surf. It is possible that the 
course can be altered somewhat while heading in to the beach, to take advantage of a 
better opening, but care should be taken to avoid broaching. Additional information 
on handling a boat in a surf can be found in nearly any book on seamanship. 

2626. Ashore.—Once the boat has been safely beached, the problem remains to 
lead the survivors to civilization. Perhaps the land will be heavily populated and the 
boat met by local people, or the way to safety may be indicated by a road or trail. 
But the boat may be beached at a deserted place where there are no signs of life. 

Chapter XXVII, “Land Navigation,” deals with this problem in detail, but 
remember that the choice of an initial course is almost as important in this case as it 
is at sea. Generally, it is good practice to follow the coast, but if the shore is obviously 
unsuitable for boat activity, a port is not likely to be nearby. The jungle should be 
avoided for travel, but it may be a plentiful source of food if nonpoisonous plants can 
be recognized. Often a stream can be followed to an inhabited place, for some source 
of water is essential to the maintenance of life. In an arid region, distant vegetation 
may be an indication of habitation. 

Many of the methods used to determine position at sea may also be used ashore, 
and usually with greater accuracy due to the absence of motion. A distinctive method 
of determining the meridian while ashore is by a variation of the equal altitude method. 
Place a stick or rod upright on a level area, using a plumb bob to establish the per- 
pendicularity of the stick. About an hour before noon mark the point where the tip 
of the stick’s shadow falls, and draw a circle through this point, with the base of the 
stick as its center. Mark the point where the tip again falls exactly on the perimeter 
of the circle. Midway between the two points lies the meridian of the observer. 


Problems 


2613a. The compass azimuth of the sun is 126° at rising and 252° at setting. 
Required.—Compass error. 
Answer.—CE 9° W. 
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2613b. A life preserver is thrown overboard from a lifeboat and the boat headed 
away on course 355°. At a distance of half a mile the boat turns and heads back for 
the life preserver. The return course is 169°. The variation is 5° W. 

Required.—(1) True course back to the life preserver. 

(2) Deviation on this heading. 

Answers.—(1) TC 167°, (2) D 3°E. 

2615. The two knots in the log line of an improvised chip log of a lifeboat 
are 16% feet apart. The elapsed time between passage of the knots through the hands 
of the observer is four seconds. 

Required.—Speed of the lifeboat. 

Answer.—S 2.5 kn. 

2616. A lifeboat travels 18 miles on course 110°, from lat. 35°15’S, long. 82°31’ W. 

Required.—Latitude and longitude of the point of arrival. 

Answer.—L 35°20’S, \ 82°11’ W. 

2617a. The date is November 15. 

Required.—The approximate declination of the sun, without reference to an 
almanac. 

Answer.—Dec. 18°85. 

2617b. The latitude of a lifeboat is 22°47’N. A star is observed on the meridian, 
bearing north. The observed altitude is 66°50’. 

Required.—Declination of the star. 

Answer.—Dec. 45°57’ N. 

2617c. The GMT is 1000, October 15. 

Required.—Approximate GHA, without reference to an almanac. 

Answer.—GHAT 172°. 

2624. Approaching land, the navigator wishes to determine his distance from a 
lighthouse situated on the coast. He holds a rule at arm’s length and finds that % 
inch of the rule appears the same height as the top of the lighthouse above water. He 
estimates the distance from his eye to the rule as 24 inches, and the height of the top 
of the lighthouse as 150 feet above water. 

Required.—Distance to the lighthouse. 

Answer.—D 0.9 mi. 


CHAPTER XXVII 
LAND NAVIGATION 


2701. Introduction.—Land navigation is the process of directing movement across 
land or ice, from one point to another. When travel is along a well-marked system 
of highways, trails, railways, etc., a good map and distance-measuring device are all 
that are needed. But when travel is across unmarked areas, navigation may be more 
difficult. When the track leads across an open expanse of desert, tundra, or ice, the 
methods of navigation most nearly approach those used at sea or in the air. 

The equipment used and the procedure followed should be suited to the circum- 
stances. A high degree of common sense and adaptability is needed. It would be a 
waste of effort to measure accurately every change of course if one were following a 
stream whose general direction is known, but across an area without features, each 
change of course might be of great importance. Sometimes a considerable amount of 
ingenuity is needed to adapt available equipment or to improvise a suitable piece of 
equipment to meet a particular need. On land, as at sea or in the air, the navigator 
should use all available means to further his end. Even odors can be utilized to 
advantage in some instances. In any case, a preliminary estimate of the situation 
and advance planning are important, as is constant vigilance en route. 

Basically, navigation on land combines the same elements as navigation at sea. 
Dead reckoning, piloting, electronic navigation, and celestial navigation all have their 
use. In general, the equipment should be simple, reliable, rugged, and capable of 
withstanding exposure to the weather. The mounting of equipment and the facilities 
for plotting may leave much to be desired. Plotting in a vehicle crossing rough terrain 
may be impossible while underway. 

No trip across unfamiliar or desolate terrain should be attempted without provision 
for adequate navigation, whether travel is by wheeled vehicle, tank, dog sledge, or 
afoot. An adequately trained individual should have primary responsibility for navi- 
gation, and should be provided with the necessary navigational aids to suit the cir- 
cumstances. Assistants or alternates should be provided when appropriate, as when 
a casualty is a reasonable possibility. During the trip the navigator should be given 
opportunity to perform his assignment. Sometimes this may involve stops that would 
not otherwise be scheduled. 

2702. Charts.—The most useful charts for land navigation are topographic—those 
showing elevations and various features of the topography. With a large-scale map 
showing great detail, both the selecting and following of a route are relatively simple, 
if there is a sufficient number of identifiable landmarks. Over flat, open country the 
map is little more than a plotting sheet. The projection is not important, as long 
as it is conformal (art. 302) so that angles and small shapes are correctly represented. 
Since long, straight courses are rare, the form of representation of a great circle is 
seldom important. 

2703. Dead reckoning on land, as on the sea or in the air, consists of determining 
position by means of the direction and distance traveled since leaving a known position. 
A careful log should be kept. If the track is across an unsurveyed area, and if there 
is a possibility of future passages over the same area, descriptions of the various land- 
marks encountered should be included in the log. 

Plotting may or may not be desirable. Along a well-marked route, the track can 
be plotted in advance, and positions along the track can be marked as determined, 
either by dead reckoning or otherwise. Since it is usually difficult to plot accurately 
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‘ while riding or walking, the usual procedure is to keep a log and stop at intervals to 
bring the plot up-to-date. Each item of the log should be recorded as it occurs, leaving 
nothing to memory. 

Over rugged terrain it is seldom practical to proceed directly toward the objective, 
and the track selected is one which avoids the most difficult obstacles. Under these 
conditions, the directions and distances used are averages. With practice, one can 
become adept at estimating the course and distance made good along a track having 
many changes of direction. When traversing an unfamiliar or poorly mapped area, 
one may find it necessary to select the route as he proceeds, nearly always attempting 
to work closer to the destination, but frequently departing from the direct path to 
take advantage of features of the terrain. 

Several types of mechanical dead reckoning equipment have been devised. One 
type, known as a vehicle direction and position indicator, is designed for vehicle 
installation and operates from the vehicle electrical system. With inputs from a gyro 
compass and the odometer drive, it automatically computes and continuously displays 
the vehicle position in map coordinates. It also computes and displays the distance 
and direction to a preselected destination. It is designed for the addition of a map 
plotter which can plot the course followed. 

In any form of dead reckoning, it is well to keep in mind that if a heavy cross 
wind is blowing, a certain amount of leeway can occur. 

2704. Direction.—Over flat, open country, a steady course is relatively easy to 
follow. In rugged or wooded country, many variations are needed. Under these 
circumstances the direction made good is more important than individual directions of 
motion. The determination of direction made good can often be accomplished by 
measuring the bearing of a distant feature such as a mountain peak, prominent tree or 
rock, a bend in a river or valley, etc., toward which one is steering. If the route follows 
a river, mountain ridge, etc., the 
general trend of the feature can 
usually be determined. The fea- 
tures which make necessary fre- 
quent changes of course can them- 
selves sometimes be used for estab- 
lishing average directions. Celes- 
tial bodies, too, can be used as a 
steering guide if their changing 
azimuth is considered. The sun 
and moon are invaluable aids. 
Polaris and bodies nearly east or 
west are particularly useful be- 
cause of their relatively slow 
change of azimuth. Even a 
steady wind, sastrugi (windrows 
on snow), or clouds can be used, 
if one is careful to interpret them 
properly. 

The type of compass used varies 
with the circumstances. Mag- 
netic, gyro, and sun compasses Fiaure 2704a.—Pocket compass. 
are all used by land navigators. 
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A magnetic compass used in land navigation is subject to the same errors as one 
used at sea or in the air. Seldom is a vehicle an ideal location for a compass. The 
deviating forces are large, and in some cases erratic. If a compass designed for the 
vehicle is not available, a boat compass might be used, but an aircraft-type compass may 
be more suitable. If the vehicle is a dog sledge, the compass might best be lashed to a 
convenient part. In a tank, truck, or jeep a permanent installation may be made. 
Frequent changes of compass from one vehicle to another should be avoided, but where 
this is necessary, some type of bracket or box should be provided to permit rapid 
installation and alignment. 

Careful magnetic adjustment (compensation) is essential if accurate results are 
to be obtained. Usually, only permanent magnets are used, and in some compasses, 
notably those of the aircraft type, these are permanently mounted in the compass 
case, being controlled by a screw driver. If a compass is to be moved from vehicle 
to vehicle, the adjustment might be made in the vehicle itself. This is best done by 
attaching magnets to the box in which the compass is placed. With any type of 
adjustment, corrections may be needed if the magnetic latitude changes considerably. 


Figure 2704b.—Wrist compass. 


Some experimentation may be necessary to establish the best location for the 
compass. In general, a position should be found as remote as convenient from the motor 
and electric wiring. A vertically graduated aircraft-type compass might be mounted 
near the top of the windshield with satisfactory results. The dashboard is probably 
the worst location in most instances. 

Magnetic adjustment should be made with the motor running and with all magnetic 
equipment in its regular place. The effect on the compass of various electrical equip- 
ment, such as lights, windshield wiper, etc., should be noted. If needed, a deviation 
table should be made up, separate tables being made for as many conditions as necessary. 
In the determination of deviation, the vehicle can be pointed toward identifiable distant 
objects, or a hand-held compass used at a sufficient distance from the vehicle to permit 
accurate determination of direction and to preclude magnetic influence of the vehicle. 
A compass rose located on the surface of an aerodrome can be used satisfactorily, if 
available. 

A portable compass has many uses, and if the party is proceeding on foot, it is the 
only type suitable. It may be a hand-held compass weighing several pounds, or, more 
often, a small pocket or wrist compass weighing but a few ounces. A pocket compass 
is shown in figure 2704a, and a wrist compass in figure 2704b. In figure 2704a note the 
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lubber’s line and the sighting vanes for measuring bearings. No provision is made for 
adjusting a portable magnetic compass. When such an instrument is used, readings 
should be made a sufficient distance from a vehicle or other magnetic material and 
power lines to avoid any deviating influence. Magnetic material such as knives, keys, 
etc., should be removed from the observer’s person during observation, unless it is 
determined that they have no effect on the compass in the position used. Magnetic 
material in the earth can cause deviation. The presence of such material is usually 
indicated by erratic operation of the compass when moved a short distance. 

A vehicle gyro compass has been developed and is used where the need warrants. 
It is particularly useful in regions where the magnetic compass is not suitable, as near 
the magnetic poles and in areas of extensive deposits of magnetic material. It is also 
used in vehicles where satisfactory magnetic compass installations are difficult or im- 
possible, as in some tanks. 
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Figure 2704c.—Sun compass. 


A sun compass, figure 2704c, is a mechanical device for determining true directions 
by means of celestial bodies, principally the sun. It is free from magnetic disturbances 
and gyro errors, and needs no source of power. However, an almanac or other source 
of celestial coordinates, accurate time, and a knowledge of the approximate position of 
the observer are needed, and use of the instrument is limited to periods when a celestial 
body is visible. This last limitation affects the choice of a mounting position for the 
instrument. 

Like the astro compass used in aircraft (art. 2515), the sun compass is not a compass 
in the usual sense of seeking a reference direction. Both instruments consist of sighting 
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devices which are oriented with respect to the axis and equator of the earth, and the 
horizontal. When the device is so oriented and the sighting assembly or shadow is 
properly aligned with the celestial body, true directions are indicated on a circular scale. 
Generally, the device is not used as a continuous indication of direction, but as a 
means of checking direction at intervals. Each time an observation is made the 
setting of the instrument is changed to agree with the coordinates of the celestial body 
and observer at the time and place of observation. If the device is used for steering, 
it usually need not be reset oftener than every ten to 15 minutes. 

Several emergency methods of establishing the approximate direction of north 
are available. These are discussed in chapter XXVI. The method of double altitudes 
is particularly applicable on land, where a plumb bob can be improvised and the length 
of the shadow measured. At the time the first altitude is observed, perhaps an hour 
before noon, an arc of a circle can be marked on the ground, with the center at the foot 
of the plumb line, and of radius equal to the length of the shadow. The position of 
the shadow tip on the circle is marked. The second altitude occurs when the end of 
the shadow is again on the arc of the circle. From the plumb line, north (or south if the 
sun is north of the observer) is midway between the two equal-length shadows, if the 
ground is level. 

2705. Distance.—In land navigation, distance is usually determined directly, 
rather than by means of speed and time. Speed may be used if constant enough, but 
this is rarely the case. 

For a vehicle with wheels, the obvious method is by odometer, the distance-meas- 
uring device associated with a speedometer. For accurate results such a device should 
be carefully calibrated. Size of tires, amount of tread left on tires, pressure, loading, 
speed of the vehicle, and nature of the surface over which the vehicle travels all affect 
the reading. However, except in extreme conditions, an average calibration should 
produce good results. If the odometer is attached to the drive shaft, a certain amount 
of slippage occurs, but allowance for this can be made in the calibration. Road slippage, 
as when traveling on a slippery surface or one of loose material, results in too great a 
reading. If the terrain is hilly, or if frequent minor changes in track are needed to 
avoid obstacles, the distance indicated by odometer is greater than that shown on 
the chart. 

When one is traveling by sledge over snow or ice, a bicycle wheel can be attached 
and a metering device connected to it. Most accurate results can be obtained if the 
tire is used in a deflated condition, as it will then resist the tendency to increase in 
diameter by accumulation of snow. 

When traveling on foot, one can use a pedometer, a small, watch-size instrument, 
usually attached to the belt, that records the number of steps taken. If this instrument 
is calibrated in distance, it should be adjusted to the length of step of the wearer. If 
such a device is not available, the number of steps or paces can be counted. If this is 
done, it is well to have some method of preventing loss of the count. This might be done 
by means of a counting device that registers each time a plunger is depressed. This 
may be done at each pace (two steps), or at each multiple such as ten or 100 paces. If 
no counting device is available, or if one of limited range is used, a small stone or other 
object transferred from one pocket to another at intervals, as each 1,000 paces, may 
prevent loss of count. With any method of counting steps or paces it is well to consider 
the nature of the terrain, and other factors affecting the length of the pace. Over soft 
ground, in high grass or weeds, and along inclined surfaces the length of the pace differs 
from that on firm, level ground, generally becoming shorter. It may also shorten as 
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the walker tires, and its effective length is reduced as he makes short detours to avoid 
obstacles. A strong wind may either shorten or lengthen the pace. Variations in the 
length of the pace can be handled by calibration over an area representative of the 
conditions encountered, or by dropping (or adding) one pace out of a certain number, 
as determined by measurement or estimate. 

2706. Piloting.—In land navigation piloting is generally quite simple, consisting 
merely of the recognition of landmarks, and notation of the time and distance at which 
they are passed. It is somewhat similar to the passage of buoys as one proceeds along 
a channel. In open country with distant mountains, bearings of identifiable features 
can be plotted and ranges can be observed when two features are in line. 

2707. Electronic navigation is seldom available on land, but should be used if one 
has access to it. The most common electronic aid used is some form of radio direction 
finder (directional characteristics of the loop antenna of a portable radio may be 
utilized), usually used in connection with a transmitter at the destination. In this case 
the direction finder is used as a homing device. If signals from other radio transmitters 
at known locations can be received, position can be determined by plotting two or more 
bearings. On land, radio reception is weak or nonexistent in certain “blind spots,”’ 
and the accuracy of readings taken may be affected if the receiver is near man-made or 
natural obstacles. Power or telephone lines, fences, railroad tracks, buildings, or cliffs 
are particularly to be avoided if accurate bearings are required. Atmospheric and 
magnetic conditions also affect radio transmission. 

2708. Celestial navigation.—In areas with an abundance of landmarks, or where 
an adequate method of homing is available, celestial navigation is not generally used, 
except, possibly, in relation to a sun compass (art. 2704). However, in open country 
without identifiable or stable features, as on the desert or in some parts of polar regions, 
celestial navigation may provide the only means, other than dead reckoning, of deter- 
mining position. 

A marine sextant is not suitable with the type of horizon generally encountered 
on land. However, if an artificial horizon (art. 1512) is available or can be improvised, 
the instrument can provide satisfactory results. An aircraft-type sextant with a built- 
in artificial horizon, such as a bubble (art. 1513), may be suitable. If greater precision 
is desired, a surveying instrument such as a theodolite (art. 4004) or astrolabe (art. 
4002) can be used. For any of these instruments, accurate results can be expected only 
by stopping and making the observations from a stable position. Accurate timing of 
the observation is essential unless the observation is of a meridian altitude or Polaris, or 
unless the observer is near one of the geographic poles. 

Sight reduction can be accomplished by any suitable method, several of which are 
described in chapters XX and XXI. 

When one is operating in an area where celestial navigation is needed, it is good 
practice to obtain fixes twice daily, or oftener, if available. Celestial navigation may 
also be useful when the continuity of dead reckoning has been broken and identifiable 
landmarks are not available, as during a battle in time of war. 


CHAPTER XXVIII 
AIR NAVIGATION 


2801. Introduction.—Air navigation is the navigation of all types of aircraft, 
including propeller-driven airplanes, jet airplanes, helicopters, dirigibles, blimps, bal- 
loons, and airborne guided missiles. The term aircraft includes any craft designed for 
transportation through the air, except (1) safety contrivances such as a parachute 
and (2) spacecraft designed for operation outside the earth’s atmosphere. 

The elements of air navigation are the same as those of marine and land navigation, 
but with some differences in methods, practices, and emphasis. These differences 
result primarily from unique conditions encountered in air navigation, as follows: 

1. Need for continued motion. A ship or land vehicle can stop, if necessary, and 
resolve any uncertainty of position, awaiting more favorable conditions if necessary. 
Except to a limited extent, most aircraft must keep going. 

2. Limited endurance. Most aircraft can remain aloft for a relatively short time, 
the period usually being a matter of hours. 

3. Greater speed. The speed of propeller-driven aircraft is about 20 times that of 
ships. Jet aircraft are even faster. The speed of lighter-than-air craft and helicopters 
is about five to ten times that of ships. Quicker navigation methods are needed, even 
if some accuracy is sacrificed. 

4. Three-dimensional navigation. In air navigation the third dimension is of 
considerably greater importance than in marine (even underwater) and land navigation. 

5. Effect of weather. Except under extreme conditions, the weather element of 
greatest concern to the marine and land navigator is the visibility. In air navigation 
the visibility has a vital effect upon the ability to land and take-off, as well as the 
availability of landmarks. In addition, wind has a more direct effect upon the position 
of aircraft than upon that of ships or land vehicles. Changes of atmospheric pressure 
and temperature affect the height measurement of aircraft using barometric altimeters. 

The importance of weather is reflected in the designations of different flight con- 
ditions, as follows: 

Contact flight, when the surface of the earth is visible. 

Visual flight, when the aircraft is more than a prescribed minimum distance 
above, below, or laterally from clouds. 

Instrument flight, when the conditions of contact and visual navigation are not met. 

A closed aerodrome is one at which the visibility (horizontal or vertical) is below 
certain prescribed minimums, rendering ordinary take-offs and landings unsafe. 

Because of the conditions mentioned above, air navigation is closely regulated. 
In the United States, regulations are prescribed by the Civil Aeronautics Board (CAB) 
and the Federal Aviation Agency (FAA). Operating rules for military aircraft may 
differ from those governing commercial and private aircraft. 

2802. Charts and publications.—Aecronautical charts, like nautical charts, show 
latitude and longitude scales, parallels, meridians, and aids to navigation. Unlike 
their marine counterparts, however, aeronautical charts do not show soundings. 
Contours and elevations are given more emphasis. Airways (art. 2805), control zones, 
airports, and radio aids are given considerable prominence. 

Except for local, approach, and flight (strip) charts, many aeronautical charts are 
arranged in coordinated series with no (or uniform) overlapping between charts. In 
many cases this permits joining of adjacent charts to form a single large one (which 
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may be wall mounted), or a strip chart for an individual flight. Because of the wider 
use of radio aids and great-circle “sailing” in air navigation, the Mercator projection 
is less commonly used in the air than aboard ship. Many aeronautical charts are on 
the Lambert conformal projection (art. 314). The Mercator projection may be used near 
the equator. Several projections are used in polar regions (arts. 321, 2508). Because 
of the greater speed of aircraft, smaller scales are used for en route navigation. For 
high-speed, high-altitude aircraft, charts are of even smaller scale, and show less detail. 
Part of a typical aeronautical chart is shown in figure 2802. 

In the United States, aeronautical charts are published chiefly by the U.S. Air 
Force Aeronautical Chart and Information Center, St. Louis, Mo.; U.S. Coast and 
Geodetic Survey, Department of Commerce, Washington, D.C., and the U.S. Navy 
Hydrographic Office, Washington, D.C., Each of these three agencies publishes a 
catalog of its products. The Federal Aviation Agency, Washington, D.C., publishes 
regulatory material and other information. 

Various publications are of assistance to the air navigator. Among these are the 
following: 

The Airman’s Information Manual (AIM), published by the FAA, provides 
information necessary for the planning and conduct of civil flights in the National 
Airspace System. The manual is divided into six sections each composed of a specific 
category of information consistent with the operational needs of aviation. 

The Alaska Airman’s Guide and Chart Supplement and the Pacific Atrman’s 
Guide and Chart Supplement provide civilian pilots with data required to supplement 
the navigational information on aeronautical charts in the Alaska and Pacific Areas. 

The International Flight Information Manual, published by the FAA, is designed 
as a preflight and planning guide for use by U.S. non-scheduled operators, business, 
and private aviators contemplating flights outside of the United States. 

Flight Information Publications (FLIP), published by the Department of Defense, 
contain textual and graphical information for military pilots. The series consists of 
publications for (1) flight planning, (2) enroute operations, and (3) terminal opera- 
tions. Each publication may contain charts, tables, and text material. 

Notice to Aviators, published every two weeks by the U.S. Navy Hydrographic 
Office, is the aviator’s counterpart of Notice to Mariners (art. 425). 

Notice to Airmen (NOTAM) contains urgent information requiring immediate 
dissemination. These notices are sent by teletype to airports throughout the United 
States. 

Federal Aviation Regulations (FAR), published by the FAA. 

A comprehensive book giving complete text and reference material on the prin- 
ciples and practices of air navigation is published by the U.S. Navy Hydrographic 
Office under the title Air Navigation (H.O. Pub. No. 216). <A book, in three volumes, 
giving somewhat similar information on air navigation as practiced in the United 
States Air Force is published by the USAF under the title Air Navigation (Air Force 
Manual 51-40). 

2803. Dead reckoning in the air, as aboard ship, comprises the elements of direction 
and distance. Several terms related to direction are used: 

Heading, the horizontal direction in which an aircraft is pointed. This may be a 
momentary direction, an average, or the intended direction. 

Heading line, a line extending in the direction of a heading. 

Course, the intended horizontal direction of travel. 

Course line, a line extending in the direction of a course. 

Course made good, the direction from one established position to a later one. 
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Track, the horizontal component of the path followed or intended to be followed, 
and sometimes the direction of this path. 

Drift angle, the angle between the heading line and the track, labeled “right”? or 
“left”? depending upon the direction of drift. 

Drift correction angle, the angle between the heading line and the course line, or the 
anticipated drift angle. 

As in marine navigation, the various directions can be stated relative to any of 
several reference directions, true, magnetic, compass, and grid being the usual ones. 
True directions are usually used for plotting, but magnetic directions are more widely 
used than in marine navigation because some form of magnetic compass is commonly 
used for measuring direction. With the development of better directional gyro com- 
passes, grid directions are coming into wider use. 

The effect of wind on aircraft is similar to that of current on ships. There is nearly 
always some wind, which varies from place to place and from time to time. The air 
navigator is alert to indications of changes, and has frequent occasion to solve the 
wird triangle, solutions similar to those for current (art. 807). The usual solution 
determines the heading to fly to make good the selected course. Because of the fre- 
quent, and often urgent, need for solution of the wind triangle, aviators customarily 
use some form of mechanical computer. If direction and speed of the wind are known, 
both heading (or track) and ground speed can be determined. If only drift angle 
is known, a quantity which usually can be measured in flight, the approximate head- 
ing (or track) can be determined without plot, but not the ground speed. With 
observed drift on two or more headings of considerable difference in direction, one can 
solve for wind speed and direction. Such observations might be made before and after 
a turn. 

An air plot of heading and air speed (rate of motion relative to the air) provides 
a series of no-wind positions, sometimes called air positions. These are the successive 
positions an aircraft would occupy if there were no wind. A dead reckoning plot of 
course and ground speed (rate of motion relative to the surface of the earth) provides 
a series of dead reckoning positions. 

Most aircraft compasses are magnetic, but those more commonly used are remote 
imdicating. The active element is placed at a location relatively free from magnetic 
disturbances from the aircraft, such as in a wing or the tail, and provided with indicators 
at various locations, as needed. Because of the large errors introduced when a mag- 
netic compass tilts, the better aircraft compasses are gyro stabilized. The most widely 
used aircraft compass is known as the Gyro Flux Gate compass. In general, aircraft 
magnetic compasses are compensated (adjusted) by means of flexible cams mounted 
within the case and controlled by a screw driver, No adjustment is made for vertical 
soft iron, for quadrantal deviation, or for heeling. Swinging for residual deviation may 
be done on the ground, by means of a hand-held compass or a compass rose located on 
the hard surface of an aerodrome; or in the air by means of celestial bodies or straight 
roads, power lines, etc. The compass correction card (deviation table) is usually 
made up on the basis of the compass direction to steer for a desired magnetic heading, 
the value of deviation not being given. 

The north-seeking gyro compass commonly used aboard ship has not been practical 
in the air because of its weight and the fact that it would not work satisfactorily at 
modern aircraft speeds, which are comparable to or greater than the rotational speed 
of the earth. However, efforts have been made to overcome these obstacles, and it is 
possible that a suitable north-seeking gyro compass will be developed for use in aircraft. 
The directional gyro compass is used widely. Such an instrument is essentially a 
gyroscope pointed in a desired direction which it maintains Over a period of several 
minutes. This instrument was devised primarily to provide directional guidance 
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during a turn of the aircraft, when the older magnetic compasses are erratic. More 
recent directional gyros require less frequent resetting, provide greater accuracy, and 
compensate for rotation of the earth (the gyroscope tends to maintain the same direction 
in space), and they may be monitored by a remote-indicating magnetic compass. With 
the best modern directional gyros an aircraft is able to follow a great circle with about 
the same accuracy that it can follow a rhumb line (using a magnetic compass). A 
directional gyro is checked from time to time by means of a magnetic compass or an 
astro compass (art. 2515). 

Air speed is usually determined by measurement of the difference between static 
air pressure and the pressure exerted by the apparent wind, which, in the air, is always 
from dead ahead and equal to the speed of the aircraft through the air. This pressure 
difference is measured by a device called a ‘Pitot tube,” and transmitted by tubes to the 
air speed indicator. Corrections are applied for nonstandard air temperature at the 
pressure altitude, compressibility, and heating effect. Higher speeds are sometimes 
stated in terms of a percentage of the speed of sound at the aircraft. On this basis the 
speed is called the Mach (mdk) number. A Mach number of one is the speed of sound, 
which varies with the density of the air; Mach number 0.9 is 90 percent of the speed of 
sound, etc. A Mach meter is an instrument which measures Mach number directly. 

Height is usually measured by means of a barometric altimeter, which is essentially 
an aneroid barometer graduated in feet above sea level. If the atmospheric pressure is 
not standard, the altimeter will not read the correct value at sea level unless adjusted 
to the existing pressure. A knob is provided for this purpose. If the decrease of pres- 
sure with height is not standard, additional error is introduced. Altitude separation of 
aircraft along airways is based upon indications of an accurate barometric altimeter set 
to standard conditions, so that all instruments at the same height should have the same 
reading. For landing and take-off the instrument is usually adjusted so that it will 
read the correct altitude when the aircraft is on the surface. For landings, the necessary 
information is supplied by radio from the control tower. An instrument which measures 
height above the surface (absolute altitude) is called an absolute altimeter. The usual 
absolute altimeter is a form of radar beamed vertically downward. It measures height 
in a manner similar to the measurement of water depth by an echo sounder (art. 619). 

As in marine and land navigation, dead reckoning is the basis of navigation in the 
air, all other forms serving to correct positions so determined. However, because of 
the nature of air navigation and the aids available, dead reckoning in the air, particularly 
along airways, is often a mental process, or one in which the dead reckoning for the entire 
flight is plotted in advance, with DR position at frequent intervals, as every ten minutes, 
being marked on the plot. The problem is then one of maintaining the schedule or 
keeping a record of deviation from it. 

Various automatic dead reckoning systems show promise of providing accurate 
means for determining position over long stretches of water or over terrain lacking in 
distinctive features as aids to navigation. Such systems are based upon accurate 
means of measuring direction and distance. These, in turn, require accurate directional 
and horizontal references. Examples of such systems are those based upon measure- 
ment of accelerations (inertial systems) and those based upon measurement of the 
Doppler shift (change of frequency) of echoes from radio or radar beams transmitted 
obliquely from the aircraft to the ground (Doppler systems). Additional information 
on this subject is given in ‘article 809. Systems under development combine one or 
both of these principles with some other principle, such as automatic celestial navigation. 

2804. Piloting, often called pilotage in air navigation, is similar in principle to that 
performed aboard ship. In practice it more nearly resembles land navigation. Lines 
of position from observed bearings or distances are rarely plotted by air navigators. 
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The more common practice is to compare observed features with the chart, keeping a 
record of one’s progress as he proceeds. If this is not a continuous process, combined 
with mental or plotted dead reckoning, one can soon become lost, particularly in an 
area where many features are similar in appearance. One can learn to watch for distine- 
tive features. Two towns may look very much alike, but the pattern of roads, rail- 
roads, and streams in the vicinity may be quite different. A race track, mine, or other 
distinctive feature may help one distinguish between otherwise similar areas. However, 
it is essential that the air navigator not be hasty in identification, for mistakes can easily 
be made. A position established by identifying a feature directly below the aircraft 
is called a pinpoint. 

Over well-traveled areas, extensive use is made of various radio aids to navigation. 
These are discussed in article 2805. So complete is coverage across the United States 
that an experienced aviator with suitable publications can travel from coast to coast 
without an aeronautical chart, whether or not the surface is visible. Over such areas, 
navigational duties are customarily performed by the pilot and copilot, a separate 
navigator being carried only on flights requiring his services, as on long over-water 
flights or in polar regions. 

2805. Electronic navigation is more widely used in the air than on land or sea, for 
several reasons. Because of the greater height of aircraft, there is less obstruction of 
radio signals, and higher frequency “ine of sight” systems are available over greater 
ranges. Over land, aids can be placed at suitable intervals to provide essentially con- 
tinuous, short-range guidance over long distances. The difficulty of observing bearings, 
celestial bodies, etc., from aircraft renders electronic methods more attractive. De- 
creased accuracy of other methods when used in the air enhance the value of electronics. 
The greater speed and adaptability of electronic methods are of higher value aboard a 
fast-moving aircraft. The electronic navigational equipment carried in aircraft is 
compact and especially adapted to use in the air. Airborne computers are being 
developed for use with advanced navigation systems. 

The automatic radio direction finder commonly used in the air provides a continu- 
ous indication of direction toward the transmitter by means of a needle pivoted at the 
center of a compass rose. The navigator has only to tune to the correct frequency and 
watch the needle. Its steadiness is some indication of the reliability of. the reading. 

The first nationwide system of electronic navigational aids was composed of several 
hundred low frequency “four-course ranges.” At each range station the international 
Morse code letter for N (mm e) is transmitted in two opposite sectors called ‘“quadrants.”’ 
In the other two “quadrants” the letter A (¢ mm) is transmitted. These signals are so 
related that along the boundaries between sectors, where the two signals are of equal 
strength, the dots and dashes interlock to form a continuous monotone. It is possible 
to control the direction of these monotones or “beams” so that they indicate desirable 
directions of travel. Along these “beams” a series of airways are established, somewhat 
resembling highways. The magnetic directions of these beams are indicated on the 
chart, as shown in figure 2802. To use these ranges the navigator has only to follow 
one leg to the station and another leg out until he picks up the next beam. 

These ranges are being supplemented by a series of very high frequency vortac 
stations. Each vortac station provides two methods of establishing direction, 
and means for determining distance. The two direction systems are tacan (tactical 
air navigation) for military aircraft, and omnirange (VOR) for commercial and private 
aircraft. The suitably equipped aircraft is thus provided an infinite number of 
“radials” (in practice 360 at 1° intervals around each station) by means of which an 
aviator can receive guidance along any radial line from the station. With direction 
and distance available at all times, a continuous fix is provided, whether or not the 
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aircraft is following a radial. If the aviator selects the radial he wishes to follow, a 
dial indicates when he is off the radial, and which direction he should turn to get back 
on it. A “‘To-FRoM” indicator tells the aviator whether the selected radial is to be 
measured toward or away from the station. If the aircraft is equipped with a course 
computer, he can fly toward or away from an offset way point with the same indications 
as though it were the range station. Thus, multilane airways are available. 

Longer range aids used by aircraft, particularly over ocean areas, include loran 
(art. 1302), Decca (art. 1309), and consol (art. 1312). A number of other systems 
have been suggested, and the future will undoubtedly see an increase in the use of 
electronics in air navigation, particularly in dead reckoning and celestial systems. 

Airborne radar is a valuable navigational aid. With practice one can learn to 
identify the echoes from different features of the terrain, and often to locate his position 
by piloting methods when the surface is obscured by an undercast. 

Various beacons are designed primarily for use by aviators. A racon is a radar 
beacon which returns a coded signal when triggered by a signal from the aircraft’s 
radar, thus providing identification as well as bearing and range. Fan markers trans- 
mit vertical fan- or bone-shaped patterns at selected points along an airway to indicate 
passage of those points. Nondirectional markers are placed at other points. Above 
each station of a four-course range an inverted cone of silence occurs, where little or 
no signal from the ranges is received. At some of these stations Z markers are installed 
to transmit distinctive signals upward to indicate location of the stations. 

2806. Celestial navigation.—In the air, celestial navigation is used in polar regions 
and on long over-water flights. Observations are invariably made with some form of 
artificial-horizon sextant (art. 1513), usually one having a bubble or pendulum reference. 
In air navigation, positions are needed more often than on land or sea. An entire 
flight across the Atlantic may be made between evening twilight and dawn. A common 
practice over the oceans is to obtain fixes at intervals of one hour. Another reason 
for using an artificial-horizon sextant is that the natural horizon is often obscured by 
clouds or haze, while celestial bodies are clearly visible. If a periscopic sextant (fig. 
1513a) is not available, observations are usually made through an astrodome. 

Because of the speed of aircraft, time zones may be crossed at frequent intervals. 
It is customary to keep navigational timepieces set to GMT. For celestial navigation, 
a high-grade watch is carried. It may have a 24-hour dial, and in most instances it 
has a sweep second hand. 

Rapid sight reduction is important at aircraft speeds. In ten minutes a modern 
plane may travel 100 miles. The method most commonly used is H.O. Pub. No. 249 
(art. 2113), with the Air Almanac. By precomputation, a navigator can obtain a fix 
within two or three minutes after the observations. Observation at a selected time is 
not a problem, because the sight continues over a period, usually two minutes, during 
which an averaging device is in operation. This eliminates large acceleration errors 
that might arise from motions of the aircraft. Thus, ten minutes may be required for 
observation of three stars at four-minute intervals between the mid times of observation. 
Celestial observations in the air are inherently less accurate than good observations 
with a marine sextant aboard ship. In the air an error of five to ten miles is considered 
normal for favorable conditions. 

As speeds increase, the need for faster observation and reduction becomes more 
urgent. This has lead to development of automatic celestial navigation (art. 2124). 

2807. Pressure pattern navigation.—On a long over-water flight, the great circle 
is a good approximation of the shortest distance between point of departure and desti- 
nation. However, it may not be the least-time route, because of unfavorable winds. 
At more than one or two thousand feet above the surface of the earth, winds tend to 
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blow along the isobars (except near the equator). If the pattern of isobars (the “‘pres- 
sure pattern’’) at flight altitude is known, an experienced air navigator can often select 
a route that may add miles to the flight but increase ground speed to such an extent 
that time is reduced. This is one form of pressure pattern navigation. 

A pressure pattern flight is customarily made at a constant pressure altitude (for 
instance the 500-millibar level at a standard altitude of 18,281 feet). By means of 
barometric and absolute altimeters, the navigator is able to determine any increase or 
decrease in height of the constant pressure surface over a time interval. With this 
information, he is able to compute the cross component of the wind, or the lateral drift. 
This is of assistance in dead reckoning, and it serves as a check on predicted pressure and 
wind. It is the basis for alterations that may be needed in the original plan. 

2808. Flight planning.—Before take-off, a careful study is made of weather con- 
ditions expected to be encountered en route and at the terminal. If a choice of route 
and altitude is available, the most favorable are selected. Wind triangles for various 
parts of the flight are solved, and heading and ground speed determined. From this, 
the flight tume and the amount of fuel needed for the flight can be computed. A suit- 
able alternate aerodrome is selected for use if weather makes landing at the scheduled 
destination hazardous. Fuel deemed sufficient for the flight to the destination and then 
to the alternate, plus the amount needed for warm-up and take-off, and an adequate 
reserve, is taken aboard. 

During the flight a close check is kept upon the actual rate of fuel consumption, 
and if this exceeds the predicted rate to such an extent that there is danger of ex- 
hausting the fuel supply before reaching the destination, the aircraft returns or is 
diverted to another aerodrome. 

An adequate flight plan, properly used, is vital to safe flight over long distances. 
The plan is filed at the aerodrome of departure or other designated place, which notifies 
the destination of the estimated time of arrival (ETA). During the flight, periodic 
reports by radio provide information on progress and deviations from the plan. These 
serve as the basis for search and rescue operations, should they become necessary. 

2809. Space navigation.—Navigation of a spacecraft through the atmosphere of 
the earth and beyond left the realm of science fiction and became a reality with the 
first successful launching of an artificial earth satellite in 1957. The same basic 
principles that govern terrestrial navigation are involved in space navigation, but 
with some differences of technique and emphasis. 

Space navigation is four-dimensional, in contrast to the essentially two-dimensional 
navigation on or near the surface of the earth. In addition to the obvious third dimen- 
sion of space, time has increased significance. Progress toward a final point is, by itself, 
inadequate. One must arrive at the point at the right instant to effect satisfactory 
rendezvous with another moving object. Neither direction of motion nor speed is 
directly measurable to satisfactory accuracy for navigation, and both motion and speed 
are likely to be varying continually. With the tremendous speeds involved and serious 
power limitations, only minor corrections to either speed or direction are likely to be 
available. There is little probability of recovering from a serious mistake. 

Because of the fantastic distances and the propulsion systems now considered 
feasible, flight times to the nearest stars will be measured in life spans. Consequently, 
meaningful space navigation in this century is likely to be limited to the solar system. 
The techniques expected to be used during this period differ somewhat in each of four 
phases of space flight: (1) escape, (2) in the near vicinity of a celestial body, (3) mid- 
course, and (4) terminal. 

During escape, whether from the surface of the earth or an orbit around it, a carefully 
precalculated trajectory is followed. Tracking is performed from the earth. Acceler- 
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ometers control the cutoff at the desired speed. All space missions are so carefully 
planned in advance that the need for later corrections is dependent directly upon the 
accuracy with which the escape phase navigation is performed. 

In the vicinity of a celestial body, as in the escape phase, position is determined 
with respect to the body involved. The coordinate system used is (1) distance from 
the body, and (2) latitude and longitude on the sphere thus identified. This might be 
determined from the celestial body, as is commonly done with artificial earth satellites 
and space probes from the earth, or it might be determined from aboard the spacecraft. 
Distance from the celestial body might be determined by radar or by measurement of the 
apparent diameter of the body. Position on the sphere can be established by observa- 
tion of the position of the body among the background of stars, thus establishing 
celestial lines of position. 

During the midcourse phase of a flight to another planet, navigation is primarily a 
matter of determining position and comparing it with the scheduled position at the time 
of fix. Thus, dead reckoning and position fixing serve the same functions as on earth. 
Position determined relative to other bodies of the solar system is a form of piloting. 
Celestial navigation involves use of the background of stars. Position is identified as 
distance from the sun and some form of “latitude” and “Jongitude”on the sphere thus 
identified. Distance from the sun can be determined directly by measurement of its 
apparent diameter. Optical measurement of the angle between lines of sight to a planet 
and star establishes position on a cone having its apex at the planet. Two such cones 
each with its apex at the same planet intersect in two lines, and a third cone will remove 
the ambiguity. Three-dimensional position can also be determined by means of cones 
referred to three bodies of the solar system or by means of celestial lines of position on 
two such bodies, noting their positions relative to the background of stars. A discrep- 
ancy in scheduled position might be corrected by (1) returning to the original schedule 
at a specific time, (2) establishing a new path to intercept the destination planet at the 
original time and place, or (3) determining a new optimum path to intercept the planet. 

During the terminal phase, thrust is applied to place the spacecraft in an orbit 
around the destination planet or guide the craft to a soft landing. Position is deter- 
mined with respect to the body being approached. It is important that the dead 
reckoning be advanced far enough ahead to allow timely alteration of path, if needed, 
to place the spacecraft in an appropriate position for carrying out terminal phase 
maneuvers. 

When continuous thrust of relatively small power becomes available, a procedure 
which will greatly simplify the navigation will be to proceed first to the line connecting 
the sun and destination planet and then to apply continuous thrust to stay on this line, 
reaching the destination by homing techniques. 

Use of some kind of physical phenomena has been suggested for either establishing 
lines or surfaces of position, or measuring either speed or direction of motion. This 
approach has not been promising. 

The present state of the art seems adequate to develop a fully automatic system for 
navigation during any space mission possible. However, a considerable amount of 
engineering will be needed before a reliable system is available. 
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CHAPTER XXIxX 
NAVIGATIONAL ERRORS 


2901. Introduction.—As commonly practiced, navigation is not an exact science. 
A number of approximations which would be unacceptable in careful scientific work are 
used by the navigator, because greater accuracy may not be consistent with the re- 
quirements or time available, or because there is no alternative. 

Thus, when the navigator uses his latitude graduations as a mile scale, or computes 
a great-circle course and distance, he neglects the flattening of the earth at the poles, 
a practice that is not acceptable to the geodetic surveyor. When the navigator plots 
a visual bearing, or an azimuth line for a celestial line of position, on a Mercator chart, 
he uses a rhumb line to represent a great circle. When he plots the celestial line of 
position, he substitutes a rhumb line for a small circle. When he interpolates in tables 
of logarithms or in loran tables, he assumes a linear (constant-rate) change between 
tabulated values. When he measures distance by radar, or depth by sonic depth finder, 
he assumes that the radio- or sound-wave has constant speed under all conditions. 
When he applies dip and refraction corrections to his sextant altitude, he generally 
assumes standard atmospheric conditions. 

These are only a few of the approximations commonly applied by a navigator. 
There are so many that there is a natural tendency for some of them to cancel others. 
Thus, under favorable conditions, a position at sea, determined from celestial observa- 
tion by an experienced observer, should seldom be in error by more than two miles. 
However, if the various small errors in a particular observation all have the same sign 
(all plus or all minus), the error might be several times this amount, without any mis- 
take having been made by the navigator. 

Greater accuracy could be attained, but at a price. The navigator is a practical 
individual. In the course of ordinary navigation, he would rather spend ten minutes 
determining a position having a probable error of plus or minus two miles, than to 
spend several hours learning where he was to an accuracy of a few yards. But if he 
can determine a recent or present position to greater accuracy, the decrease in error is 
attractive to him. The various navigational aids have been designed with this in 
mind. Greater accuracy in plotting could be achieved by increasing the scale of the 
chart or plotting sheet. This has been done for confined waters where a higher degree 
of accuracy is needed, but a large-scale plotting sheet would be a nuisance at sea. 
The hand-held marine sextant is not sufficiently accurate for use in determining an 
astronomical position in a geodetic survey. But it is much more satisfactory at sea 
than the surveyor’s astrolabe or theodolite (arts. 4002, 4004), which require stable 
platforms if their potential accuracy is to be realized. 

An understanding of the kinds of errors involved in navigation, and of the ele- 
es principles of probability, should be of assistance to a navigator in interpreting 

1s results. 


2902. Definitions.—The following definitions apply to the discussions of this 
chapter: 

Error is the difference between a specific value and the correct or standard value. 

As here used, it does not include mistakes, but is related to lack of perfection. Thus, an 

altitude determined by marine sextant is corrected for a standard amount of refraction, 
678 
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but if the actual refraction at the time of observation varies from the standard, the 
value taken from the table is in error by the difference between standard and actual 
refraction. This error will be compounded with others in the observed altitude. Simi- 
larly, depth determined by echo sounder is in error, among other things, by the difference 
between the actual speed of sound waves in the water and the speed used for calibration 
of the instrument. It will also be in error if an echo is returned from a phantom bottom 
(art. 3504) instead of from the actual bottom. This chapter is concerned primarily 
with the deviation from standards. Thus, while variation of the compass is an error 
when referred to true directions, the difference between the assumed variation and that 
actually existing is an error with reference to magnetic direction. Corrections can be 
applied for standard values of error. It is the deviation from standard, as well as 
mistakes, that produce inaccurate results in navigation. Various kinds of error are 
discussed in the following articles. 

Mistake is a blunder, such as an incorrect reading of an instrument, the taking 
of a wrong value from a table, or the plotting of a reciprocal bearing. 

Standard is something established by custom, agreement, or authority as a basis 

for comparison. It is.customary to use nautical miles for measuring distances between 
ports. By international agreement the nautical mile is defined as a certain number of 
meters. By authority of various countries which are parties to the agreement, this 
length is translated to the linear units adopted by that country. It is the fact of 
establishment or general acceptance that determines whether a given quantity or 
condition has become a standard of measure or quality. Thus, in 1960, the standard 
unit of length agreed upon at the Eleventh General (International) Conference on 
Weights and Measures to redefine the meter was 1,650,763.73 wavelengths of the 
orange-red radiation in vacuum of krypton 86 corresponding to the unperturbed transi- 
tion between the 2p and 5d; levels. Where accepted, this established standard of 
length now serves as a basis for measurement of any physical magnitude, as the length 
of the meridian, rather than the reverse, which was originally proposed. Multiples 
and submultiples of a standard are exact. In 1959, the U.S. adopted the exact relation- 
ships of one yard as equal to 0.9144 meter and one inch as equal to 2.54 centimeters. 
Hence, 39.37 U. S. inches are approximately equal to one meter. Because one foot 
equals 12 inches by definition, and the international nautical mile has been defined as 
1852 meters, the international nautical mile is equal to 6,076.11549 U. S. feet (approxi- 
mately). The previous U. S. foot (6,076.10333 . . . feet equals one nautical mile) 
has been redesignated as the U.S. survey foot. It will still be encountered frequently 
during the transitional period. The values and tables in this 1962 edition are based on 
those adopted by the United States in 1959. 
Frequently, a standard is so chosen that it serves as a model which approximates a 
mean or average condition. However, the distinction between the standard value and 
the actual value at any time should not be forgotten. Thus, a standard atmosphere 
has been established in which the temperature, pressure, density, etc., are precisely 
specified for each altitude. Actual conditions, however, are generally different from 
those defined by the standard atmosphere. Similarly, the values for dip given in the 
almanacs are considered standard by those who use them, but actual dip may be 
appreciably different from that tabulated. 

Accuracy is the degree of conformance with the correct value, while precision 
is the degree of refinement of a value. Thus, an altitude determined by marine sextant 
might be stated to the nearest 0/1, and yet be accurate only to the nearest 1’ if the 
horizon is indistinct. Accuracy and precision are further discussed in article 03. 

2903. Systematic errors are those which follow some law by which they can be 
predicted. The accuracy with which a systematic error can be predicted depends 
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upon the accuracy with which the governing law is understood. An error which can 
be predicted can be eliminated, or compensation can be made for it. 

The simplest form of systematic error is one of unchanging magnitude and sign. 
This is called a constant error. Examples are the index error of a marine sextant, 
watch error, or the error resulting from a lubber’s line not being accurately aligned with 
the longitudinal axis of the craft. In each of these cases, all readings are in error by a 
constant amount as long as the adjustment remains unchanged, and can be removed by 
applying a correction of equal magnitude and opposite sign. Index error and watch 
error can be removed by adjustment of the instrument. Lubber’s line error can be 
removed by aligning the lubber’s line with the longitudinal axis of the craft. 

Another type of systematic error results from a nonstandard rate. If a watch is 
gaining four seconds per day, its readings will be in error by one second after an interval 
of six hours, eight seconds at the end of two days, etc. This principle is used in estab- 
lishing a chronometer rate (art. 1908) for determination of chronometer error between 
comparisons of the chronometer with time signals. It can be eliminated by adjusting 
the rate. If a current is running and no allowance for it is made in the dead reckoning, 
the DR position is in error by an amount proportional to elapsed time. The error 
introduced by maintaining heading by means of an inaccurate compass is proportional 
to distance, as is the lateral error in a position line plotted from an inaccurate bearing. 

One of the causes of equation of time (art. 1912) is the fact that the ecliptic, 
around which annual motion occurs, is not parallel to the celestial equator, around or 
parallel to which apparent daily motion takes place. The same type systematic error 
is involved in other measurements. Consider the measurement of bearing with a tilted 
compass card. Bearing is measured by a system of uniform graduations (degrees) of a 
circle (such as a compass card) in the horizontal plane. If the card is tilted, and its 
graduations are projected onto the horizontal plane, the circle becomes an ellipse with 
the graduations unequally spaced. Along the axis of tilt and a line perpendicular to it, 
directions are correct. But near the axis of tilt the graduations are too close together, 
and near the perpendicular they are too widely spaced. The error thus introduced is 
similar to that:which would arise if a watch face were tilted but the motion of the hands 
remained horizontal. If it were tilted around the “3-9” line, it would appear to run slow 
near the hour and half hour, and fast near the quarter and three-quarter hours. If the 
direction to be observed is of an object above or below the horizontal, as the azimuth of 
a celestial body, measurement is made to the foot of the perpendicular through the 
object. The sight vanes of a compass move in a plane perpendicular to the compass 
card. Hence, if the card is tilted, measurement is made to the foot of a perpendicular 
to the card, rather than to the foot of a perpendicular to the horizontal, introducing an 
error which increases with the angle of tilt and also with the angle of elevation (or 
depression) of the object. This error is greatest along the axis of tilt, and zero along 
the perpendicular to it. Both of these tilt errors can be corrected by leveling the 
compass card. 

A different type of tilt error occurs when a reflection takes place from a tilted 
surface, such as the ionosphere (art. 1007), the error being proportional to the angle 
of tilt. In some respects, this error is similar to coastal refraction of a radio wave 
(art. 1006). 

Additional examples of systematic error are uncorrected deviation of the compass 
(art. 709), polarization error (art. 1203), error due to a position in a pattern of hyper- 
bolas (art. 1109), error due to incorrect location of a loran transmitter (art. 1306), 
uncorrected parallax (art. 1620), and uncorrected personal error (art. 1507). 

2904. Random errors are chance errors, unpredictable in magnitude or sign. 
They are governed by the laws of probability. If the altitude of a celestial body is 
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Lea Gi sr piling eile observed, the reading may be (1) too great, (2) 
aka Pets correct, or (3) too small. If anumber of observa- 
—10’ 0 0.0 tions are made, and there is no systematic error, 
= 2 ; ,: y the probability of a positive error is exactly equal 
Ls ey 4 0.8 to the probability of a negative error. This does 
iy 7 re Ete not mean that every second observation having 
pi nay 28 5.6 an error will be too great. However, the greater 
# 2) Ee hey the number of observations, the greater is the 
i? 63 12.6 probability that the number of positive errors 
Y * ee et 4 will equal the number of negative ones, and that 
4+ 9) 53 10.6 their magnitudes will correspond. 
a 4 oe a Suppose that 500 observations are made, 
4 5/ 17 3.4 with the results shown in table 2904. A close 
of g ‘ a approximation of the plot of these errors is shown 
+ 8! 2 0.4 in figure 2904a. The plot has been modified 
tak, 1 0. 2 slightly to constitute the normal curve of 
+10 0 0.0 3 : 
MEtistorene random errors, which is the same as the actual 
0 500 100. 0 curve except that the normal curve approaches 


zero as the error increases, while the actual 

TaBLE 2904.—Normal distribution of curve reaches zero at (+)10’ and (—)10’. The 
random errors. : : 

height of the curve at any point represents the 

percentage of observations that can be expected to have the error indicated at that 

point. The probability of any similar observation having any given error is the 

proportion of the number of observations having this error to the total number of 


observations, or the percentage expressed as a decimal. Thus, the probability of an 


F ; 40 1 
= . 4 ( 
observation having an error of (—)3’ is 500 12.5 0.08 (8%). 


If the area under the curve represents 100 percent of the observations, half the 
area (the shaded portion of figure 2904a) represents 50 percent of the observations. 
The value of the error at the limits of this shaded portion is often called the “50 percent 
error,” or probable error, meaning that 50 percent of the observations can be expected 
to have less error, and 50 percent greater error. Similarly, the limits which contain 
the central 95 percent of the area denote the 95 percent error. The percentage of 
error is found mathematically. For a normal curve, each error is squared, the sum of 
the squares is divided by one less than the number of observations, and the square 
root of the quotient is determined. This value is called the standard deviation (s) or 
root mean square. In the illustration, the standard deviation is the square root of 
0X (—)102+1X (—)9?+2X (—)8?+4X (—)7?+9X(—)6?, etc., divided by 499 or 

aA = 8.966=2.99 (about 3). The standard deviation is the 68 percent error. The 
probability of the occurrence of an error of or less than a specific magnitude may be 
determined by the following relationship (with the answers for the illustration given): 


50% error= %Xs= 2’ (approx.) 
68% error=1 Xs= 3’ (approx.) 
95% error=2 Xs= 6’ (approx.) 
99% error=2%Xs= 8’ (approx.) 
99.9% error=3%Xs=10’ (approx.) 


Many of the errors of navigation are not of the “normal” type. In H.O. Pub. No. 
214 (art. 2003) values of altitude can be taken only to the nearest 0’1. The error might 


682 NAVIGATIONAL ERRORS 


have any value from (+) 0/05 to (—) 0/05, and any value within these limits is as likely 
to occur as any other of the same precision. The same is true of a sextant that cannot 
be read closer than 0/1, and of a loran receiver that cannot be read closer than Lys. 
These values refer to the single errors indicated, and not to the total error that might be 
involved. This is a rectangular error, so called because of the shape of its plot, as shown 
in figure 2904b. The 100 percent error is half the dif- 
ference between readings. The 50 percent error is half 
this amount, the 95 percent error is 0.95 times this 
amount, etc. 

Still another type random error is encountered in 
navigation. If a compass is fluctuating periodically 
due to yaw of a ship, its motion slows as the end of a 
swing is approached, when the error approaches 
maximum value. If readings were taken continuously 
or at equal intervals of time, the interval being a small 

ERROR percentage of the total period of oscillation, the curve 
of errors would have a characteristic U-shape, as 
HEU Med Aiea Ue nas isd echt shown in figure 2904c. The same type error is involved 
of area shaded. Limits of in measurement of altitude of a celestial body from a 
ere ayes acicete probable wing of the bridge of a heavily rolling vessel, when 
the roll causes large changes in the height of eye. This 
type of error is called a periodic error. The effect is accentuated by the tendency of 
the observer to make readings near one of the extreme values because the instrument 
appears steadiest at this time. If it is impractical to make a reading at the center 
of the period, the error can be eliminated or reduced by averaging readings taken con- 
tinuously or at short intervals, as indicated above. This is the method used in averag- 
ing type artificial-horizon sextants (art. 1513). 
Generally, better results can be obtained by taking 
maximum positive and maximum negative readings, 
and averaging the results. 

The curve of any type of random error is sym- 
metrical about the line representing zero error. This 
means that in the ideal plot every point on one side Figure 2904b.—Rectangular error, 
of the curve is exactly matched by one on the other with 50 percent area shaded. 
side, or for every positive error there is a negative 
error of the same magnitude. The average of all 
readings, considering signs, is zero. The larger the 
number of readings, the greater the probability of 
the errors fitting the ideal curve. Another way of 
stating this is that as the number of readings in- 
creases, the error of the average can be expected to 
decrease. 

all Combitiagions of errors.—Many of the FicureE 2904c.—Periodic error, with 
results obtained in navigation are subject to more 50 percent area shaded. 
than one error. Chapter XVI lists 19 errors appli- 
cable to sextant altitudes. Some of these have several components. A number of 
possible errors are involved in the determination of computed altitude and azimuth. 
A rectangular error is possible in finding the altitude difference. Several additional 
errors may affect the accuracy of plotting. Thus, the line of position as finally 
plotted may include 30 errors or more. Corrections are applied for some of the 
larger ones, so that in each of these cases the applicable error is the difference 


PROBABILITY 


Probability 


Probability 
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between the applied correction and the actual error. Thus, a dip correction may 
be applied for a height of eye of 30 feet, while the actual height at the moment 
of observation may be 31 feet 6 inches. Even if the height of eye is exactly 30 feet, 
a rectangular error may be involved in taking the dip correction from the table. 

Corrections which might be random as far as an individual observation is con- 
cerned may be systematic for a series of observations. Thus, if the average or standard 
conditions upon which a correction is based do not exist at the time of observation 
the value at any given time is as likely to be greater as it is to be less than the standard 
amount. But if a number of observations are taken in quick succession, the error 
will be about the same for each. 

If two or more errors are applicable to a given result, the total error is equal to 
the algebraic sum of all errors. Thus, if a given number is subject to errors of (+) 4, 
(—) 2, (—) 1, (+) 3, (4) 2, 0, and (—) 2, the total error is (+) 4. Systematic errors 
can be combined by adding the curves of individual errors. Thus, a magnetic compass 
may have a quadrantal error as shown 
by the top curve of figure 2905, and a 
semicircular error as shown by the second 
curve. The sum of these two errors is 
shown in the bottom curve. If, in addi- 
tion, the compass has a constant error, QUADRANTAL ERROR 
the bottom curve is moved vertically up- 
ward or downward by the amount of the 
constant error, without undergoing a 
change of form. If the constant error is 
greater than the maximum value of the 
combined curves, all errors are positive 
or all are negative, but of varying mag- 
nitude. 

If a number of random errors are 
combined, the result tends to follow a 
normal curve regardless of the shape of 
the individual errors, and the greater the COMBINED QUADRANTAL ERROR AND SEMICIRCULAR ERROR 
number, the more nearly the result can be Figure 2905.—Combining systematic errors. 
expected to approach the normal curve 
(fig. 2904a). If a given result is subject to errors of plus or minus 3, 2, 1, 2, 4, 
2, 1, 8, 1, and 2, the total error could be as much as 26 if all errors had the 
same sign. However, if these are truly random, the probability of them all 
having the same sign is only one in 1024. This is so because the chance of any 
one being positive (or negative) is }%. That is, of a large number of results, 
approximately half will have any one particular correction positive (or negative). 
By the same reasoning, approximately half of the positive (or negative) results 
will have any one particular additional correction positive (or negative). Thus, 
the probability of any two particular corrections having the same sign is 4X ¥#= (%)’=. 


SEMICIRCULAR ERROR 


: : : 1 
The probability of all ten corrections having the same sign 1s (4)"=T024' If there 


were 20 corrections, the probability of all having the same sign would be 
1 
/)\20__ , 
(2) ~ 1,048,576 
The standard deviation of the sum of such errors is found by squaring each error 
individually, adding the results and taking the square root of the sum. Thus, in the 
example, the following results are obtained: 
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Error Error Squared 


Nr OrRN KH NF WwW 
— 
Se PO 


sum 108 
square root +10.4 


Thus, the standard deviation is +10.4. Signs need not be considered because the 
square of either a positive or negative number is positive. 

The individual errors have been treated as if they were fixed in amount. If they 
are 50 percent normal errors, the result is the standard deviations of the 50 percent 
errors; if 99 percent, the result is the standard deviations of the 99 percent errors, etc., 
vf the individual errors are normal and independent. If they are of a different type, 
an adjustment is needed. Thus, the square of each rectangular error should be multi- 
plied by the following factors: 


50% error % 

95% error 1% 

99% error 2\% 
99.9% error 4. 


The information required to determine the standard deviation is usually not 
available to a navigator, because the probable magnitude of many of the individual 
errors has never been determined. However, the example given above reveals at least 
one interesting point which is highly practical. In the tabulation of errors, the largest 
has a value of eight. This single error accounts for less than one-third the total possible 
error, but its square is more than half the sum of squares. If this error could be 
eliminated, the standard deviation would be only 6.6. If it could be reduced to 5, 
a 37.5 percent reduction, the standard deviation would be reduced to 8.3. In con- 
trast, if the next largest error, four, were reduced by three, a reduction of 75 percent, 
the standard deviation would be reduced by only 0.8, to 9.6. If the three errors of one 
each could be completely eliminated, the standard deviation would be reduced by only 
0.2, to 10.2. In the reduction of total error, therefore, a relatively small reduction in 
a large error has a much greater effect upon the standard deviation than the same 
numerical reduction (larger percentage reduction) in a small error, because the result 
of a random error is proportional to its square. 

Therefore, the perfection of one part of a process, sometimes at great expense or 
by the introduction of considerable inconvenience, may not be justified until larger 
errors are corrected. Thus, it would hardly be worth the effort and expense to build 
a loran receiver capable of making a reading to 0.1 us (present receivers can be read 
to about 1 us) as long as synchronization of signals may be in error as much as 2 ys or 
more. Conversely, the introduction of an additional small error may add considerably 
to the convenience of a process without materially affecting the accuracy. Thus, the 
use of some of the “short”? methods of sight reduction (ch. X XI) without interpolation 
is justified if the interval of tabulation is small. 
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When both systematic and random errors are present in a process, both effects 
are present. An increase in the number of readings decreases the residual random error, 
but regardless of the number of readings, a systematic error is present in its entirety. 
Thus, if a number of Decca readings are made at a fixed point, the average should be 
a good approximation of the true value if there is no systematic error. But if the 
equipment is out of adjustment to the extent that the lane is incorrectly identified, 
no number of readings will correct this error. In this illustration, a constant error is 
combined with a normal random error. The normal curve has the correct shape, but 
is offset from the zero value. 

Under some conditions, systematic errors can be eliminated from the results even 
when the magnitude is not determined. Thus, if two celestial bodies differ in azimuth 
by 180°, and the altitude of each is observed, the line midway between the lines of posi- 
tion resulting from these observations is free from any constant error in the altitude 
(such as abnormal refraction or dip, or incorrect IC). It would not be free from such a 
constant error as one in time (unless the bodies were on the celestial meridian). Simi- 
larly, a fix obtained by observations of three stars differing in azimuth by 120°, or 
four stars differing by 90° is free from constant error in the altitude, if the center of the 
figure made by the lines of position is used. The center of the figure formed by circles 
of position from distances of objects equally spaced in azimuth is free from a constant 
error in range. A constant error in bearing lines does not introduce an error in the 
fix if the objects are equally spaced in azimuth. In all of these examples, the correct 
position is outside the figure formed by the lines of position if all objects observed are 
on the same side of the observer (that is, if they lie within an arc of less than 180°). 

2906. Most probable position.—Some navigators, particularly those of little ex- 
perience, have been encouraged by the oversimplified definitions and explanations us- 
ually given in texts to conclude that the line of position is infallible, and that a fix is 
without error, overlooking the frequent incompatibility of these two notions. Too 
often the idea has prevailed that information is either all right or all wrong. An ex- 
ample is the practice of establishing an estimated position at the foot of the perpendicular 
from a dead reckoning position, or previous estimated position, to a line of position. 
The assumption is that the vessel must be somewhere on the line of position, and that 
the only value of the DR position is to locate which point on the line to use as the EP. 

A more realistic concept is that of the most probable position (MPP), which recog- 
nizes the probability of error in all navigational information, and determines position 
by an evaluation of all available information, using the principles of errors. 

Suppose a vessel were to start from a completely accurate position and proceed 
on dead reckoning. If course and speed over the bottom were of equal accuracy, the 
uncertainty of dead reckoning positions would increase equally in all directions with 
either distance or elapsed time (for any one speed these would be directly proportional 
and therefore either could be used). Therefore, a circle of uncertainty would grow 
around the dead reckoning position as the vessel proceeded. If the navigator had full 
knowledge of the distribution and nature of the errors of course and speed, and the neces- 
sary knowledge of statistical analysis, he could compute the radius of the circle of un- 
certainty, using the 50 percent, 95 percent, or other value of individual errors. 

In ordinary navigation, this is not practicable, but based upon his experience and 
judgment, the navigator might estimate at any time the probable error of his dead 
reckoning or estimated position. With practice, he might acquire considerable skill 
in making this estimate. He would take into account, too, the fact that the area of 
uncertainty might better be represented by an ellipse than a circle, the major axis 
being along the course line if the probable error of the speed were greater than that of 
the course, and the minor axis being along the course line if the probable error of the 
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course were greater. He would recognize, too, that the size of the area of uncertainty 
would not grow in direct proportion to the distance or elapsed time, because disturbing 
factors such as wind and current could not be expected to remain of constant magnitude 
and direction. Also, he would know that the starting point of the dead reckoning 
would not be completely free from error. 

At some future time additional positional information would be obtained. This 
might be a line of position from a celestial observation or by loran. This, too, would 
be accompanied by a probable error which might be computed if the necessary informa- 
tion and knowledge were available, but which in 
practice would be estimated. If the dead reckon- 
ing had started from a good position obtained by 
means of landmarks, the probable error of the initial 
position would be very small. At first the dead 
reckoning or estimated position would probably be 
more reliable than a line of position obtained by celes- 
tial observation or loran. But at some distance the 
Ficure 2906a.—A most probable two would be equal, and beyond this the line of 

position based upon a dead reckon- position might be more accurate. 
ing position and line of position : : 
having equal probable errors. However, the determination of most probable 
position does not depend upon determination of 
which information is most accurate. In figure 2906a a dead reckoning position is 
shown surrounded by a circle of uncertainty. A line of position is also shown, with 
its area of uncertainty. The most probable position is within the overlapping area, 
and if the uncertainty of the dead reckoning position and that of the line of posi- 
tion are about equal, it might be taken at the center of the area. If the overall 
errors are considered normal, and they are probably approximately so, the effect of each 
vs proportional to its square (art. 2905). Thus, if the probable error of a dead reckoning 
position is three miles, and that of a line of position is two miles, the most probable 


Syston : Oe ‘ : 2° 4 
position is nearer the line of position, being at a distance equal to 339 that from the 


dead reckoning position (or %3 of the 
perpendicular distance from the dead 
reckoning position to the line of position). 

If a fix is obtained from two lines of 
position, the area of uncertainty is a circle 
if the lines are perpendicular, have equal 
probable errors, and these errors can be 
considered normal. If one is considered 
more accurate than the other, the area is 
an ellipse, the two axes being proportional 
to the squares of the two errors. Asshown  Ficure 2906b.—Ellipse of uncertainty with lines 
in figure 2906b, it is also an ellipse if the oe Bblitaes sree probable errors crossing: at 
probable error of each is equal and the 
lines cross at an oblique angle. If the errors are unequal, the major axis of the ellipse 
is more nearly in line with the line of position having the smaller probable error. If 
the angle between lines is very small, they are better considered a single line of position 
in the direction of the major axis of the ellipse. 

If a fix is obtained from three or more lines of position, and the error of each line 
is normal and equal to that of the others, the most probable position is the center of 
the figure. By “center” is meant that point within the figure which is equidistant 
from the sides. If the lines are of unequal probable error, the distance of the most 
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probable position from each line of position is proportional to the square of the probable 
error of that line. Thus, if three lines have probable errors of one, two, and three miles, 
respectively, the distances of the most probable position from the lines are in the ratio 
of one, four, and nine, respectively. 

In the discussion of most probable position from lines of position, it has been as- 
sumed that no other positional information is available. Usually, this is an incorrect 
assumption, for there is nearly always a dead reckoning or estimated position. This 
can be considered in any of several ways. The square of its probable error can be used 
in the same manner as the square of the probable error of each line of position. A most 
probable position based upon the dead reckoning or estimated position and the most 
reliable line of position might be determined as explained above, and that line of 
position replaced with a new one parallel to it but passing through the most probable 
position just determined. This adjusted line of position can then be assigned a smaller 
probable error and used with the other lines of position to determine the overall most 
probable position. A third way is to establish a probable error for the fix, and consider 
the most probable position as that point along the straight line joining the fix and the 
dead reckoning or estimated position, the relative distances being equal to the square 
of the probable error of each position. 

The value of the most probable position determined as suggested above depends 
upon the degree to which the various errors are in fact normal, and the accuracy with 
which the probable error of each is established. From a practical standpoint, the second 
factor is largely a matter of judgment based upon experience. It might seem that inter- 
pretation of results and establishment of most probable position is a matter of judgment 
anyway, and that the procedure outlined above is not needed. If a person will follow 
this procedure while gaining experience, and evaluate his results, the judgment he 
develops should be more reliable than if developed without benefit of a knowledge of 
the principles involved. The important point to remember is that the relative effects 
of normal random errors are proportional to their squares. 

Systematic errors are treated differently. Generally, an attempt is made to dis- 
cover the errors and eliminate them or compensate for them. In the case of a position 
determined by three or more lines of position resulting from readings with constant 
error, the error might be eliminated by finding and applying that correction (including 
sign) which will bring all lines through a common point. 

2907. Mistakes.—The recognition of a mistake, as contrasted with an error (art. 
2902), is not always easy, since a mistake may have any magnitude, and may be either 
positive or negative. A large mistake should be readily apparent if the navigator is 
alert and has an understanding of the size of error to be reasonably expected. A 
small mistake is usually not detected unless the work is checked. 

If results by two methods are compared, as a dead reckoning position and a line 
of position, exact agreement is not to be expected. But if the discrepancy is unreason- 
ably large, a mistake is logically suspected. The definition of ‘unreasonably large” 
is a matter of opinion. If the 99.9 percent areas of the two results just touch, it is 
possible that no mistake has been made. However, the probability of either one having 
so great an error is remote if the errors are normal. The probability of both having 
99.9 percent error of opposite sign at the same instant is very small indeed. Perhaps 
a reasonable standard is that unless the most accurate result lies within the 95 percent 
area of the least accurate result, the possibility of a mistake should be investigated. 
Thus, if the areas of uncertainty shown in figure 2906a represent the 95 percent areas, 
it is probable that a mistake has been made. 

As in other matters pertaining to navigation, judgment is important. The use 
to be made of the results is certainly a consideration. In the middle of an ocean pas- 
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sage a mistake is usually not serious, and will undoubtedly be corrected before it jeopard- 
izes the safety of the vessel. But if landfall is soon to be made, or if search and rescue 
operations are to be based upon the position, almost any mistake is intolerable. 

2908. Miscellaneous.—The correct identification of the nature of an error is 
important if the error is to be handled intelligently. Thus, the statement is some- 
times made that a radio bearing need not be corrected if the receiver is within 50 miles 
of the transmitter. The need for a correction arises from the fact that radio waves 
are assumed to follow great circles, and if radio bearings are to be plotted on a Mercator 
chart, the equivalent rhumb line is needed. The statement regarding 50 miles implies 
that the size of the correction is proportional to distance only. It overlooks the fact 
that latitude and direction of the bearing line are also important factors, and is therefore 
a dangerous statement unless its limitations are understood. 

The recognition of the type of error is also important. A systematic error has 
quite a different effect than a random error, and cannot be reduced by additional 
readings unless some method or procedure is instituted which will cause the errors to 
cancel each other. If a position is subject to a rectangular error only, its 100 percent 
circle has twice the radius and four times the area of the 50 percent circle. But if the 
error is normal, the 95 percent circle has approximately three times the radius and nine 
times the area of the 50 percent circle. It is not correct to suppose that a craft is as 
likely to be at one point within a circle of uncertainty as at any other point. If the 
error is normal, the probability might be represented by a three-dimensional figure 
formed by rotating the normal curve (fig. 2904a) around its axis of symmetry. 

The probable error is usually of greater interest than the “average” value. The 
average of a large number of normal errors approaches zero, but the probable error 
might be quite large. An average or mean value determined by a number of observa- 
tions is sometimes given with its probable error. Thus, a person might make a number 
of measurements of the speed of light and state his results as 299,792+2 kilometers 
per second. 

A person who understands the nature of errors avoids many pitfalls. Thus, the 
magnitude of the errors of individual lines of position is not a reliable indication of the 
size of the error of the fix obtained from them. The size of the triangle formed by 
three lines of position has often been used as a guide to the accuracy of the fix, although 
a large triangle might be the result of a large constant error if the objects observed are 
equally spaced in azimuth. On the other hand, two lines of position with small errors 
might produce a fix having a much larger error if the lines cross at 2 small angle. 

The size of a triangle of position might be deceptive for another reason. <A con- 
stant error in time shifts all lines of position from celestial observation an approximately 
equal amount (in minutes of arc) toward the east or toward the west. If all objects 
observed for a fix are on the same side of the observer, a constant error in measurement 
shifts all objects and the fiz, so that if the constant error is larger than the random error, 
the actual position is outside the figure formed by the lines of position. 
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CHAPTER XXX 
THE OCEANS 


3001. Introduction.—Oceanography is the application of the sciences to the 
phenomena of the oceans. It includes a study of their forms; physical, chemical, and 
biological features; and phenomena. Thus, it embraces the widely separated fields of 
geography, geology, chemistry, physics, and biology. Many subdivisions of these 
sciences, such as sedimentation, ecology (biological relationship between organisms 
and their environment), bacteriology, biochemistry, hydrodynamics, acoustics, and 
optics, have been extensively studied in the oceans. 

The oceans cover 70.8 percent of the surface of the earth. The Atlantic covers 16.2 
percent, the Pacific 32.4 percent (3.2 percent more than the land area of the entire earth), 
the Indian Ocean 14.4 percent, and marginal and adjacent areas (of which the largest is 
the Arctic Ocean) 7.8 percent. Their extent alone makes them an important subject 
for study. However, greater incentive lies in their use for transportation, their influence 
upon weather and climate, and their potentiality as a source of power, food, fresh water, 
and mineral and organic substances. 

3002. History of oceanography.—The earliest studies of the oceans were concerned 
principally with problems of navigation. Information concerning tides, currents, sound- 
ings, ice, and distances between ports was needed as ocean commerce increased. Ac- 
cording to Posidonius, a depth of 1,000 fathoms had been measured in the Sea of 
Sardinia as early as the second century BC. About the middle of the 19th century, 
the Darwinian theories of evolution gave a great impetus to the collection of marine 
organisms, since it is believed by some that all terrestrial forms have evolved from 
oceanic ancestors. Later, the serious depletion of many fisheries called for investigation 
of the relation of the economically valuable organisms to the physical characteristics 
of their environment, especially in northwestern Europe and off Japan. Still later, the 
growing use of the oceans in warfare, particularly after the development of the submarine, 
required that much effort be expended in problems of detection and attack, resulting 
in the study of many previously neglected scientific aspects of the sea. 

Oceanographic exploration. Exploration of the seas was primarily geographical 
until the 19th century, although the accumulated observations of seafarers, as recorded 
in the early charts and sailing directions, often included data on tides, currents, and 
other oceanographic phenomena. The great voyages of discovery, particularly those 
beginning in 1768 with Captain Cook, and continued by such commanders as La 
Perouse, Bellingshausen, and Wilkes, included scientists in their complements. However, 
scientific work on the oceans at this period was severely limited by lack of suitable in- 
struments for probing conditions below the surface. Meanwhile, Lieutenant Matthew 
Fontaine Maury, USN, working in the forerunner of the U. S. Navy Hydrographic 
Office in Washington, developed to a high degree of perfection the analysis of log-book 
observations. His first results, published in 1848, were of great importance to ship 
operations in the recommendation of favorable sailing routes, and they stimulated inter- 
national cooperation in the fields of oceanography and marine meteorology. 

In the rapid advances in technology after 1850, oceanographic instrumentation 
problems were not neglected, with the result that the British Navy in 1872-76 was 
able to send HMS Challenger around the world on the first purely deep-sea oceano- 
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graphic expedition ever attempted. Her bottom samples, as analyzed by Sir John 
Murray, laid the foundation of geological oceanography, and 77 of her sea water 
samples, analyzed by C. R. Dittmar, proved for the first time that various constituents 
of the salts in sea water are everywhere in virtually the same proportions. 

Since that time, the coastal waters and fishing banks of many nations have been 
extensively studied, and numerous vessels of various nationalities have conducted work 
on the high seas. Notable among these have been the American Albatross from 1882 
to 1920; the Austrian Pola in the Mediterranean and Red Seas between 1890 and 1896; 
the Danish Dana, which during its voyages of 1920-22 discovered the breeding place 
of the European eels in the Sargasso Sea; the American Carnegie in 1927-29; the German 
Meteor in the Atlantic from 1928 to 1938; and the British Discovery II in the antarctic 
between 1930 and 1939. Notable also were the drifts of the Norwegian vessels Fram 
and Maud in the arctic ice pack from 1893 to 1896 and 1918 to 1925, respectively; 
the attempt by Sir George Hubert Wilkins to operate under the ice in the British sub- 
marine Nautilus in 1931; and the Russian station set up at the north pole in 1937, which 
made observations from the drifting pack ice. 

At the same time, investigations pursued ashore provided the theoretical basis 
for the explanation of ocean currents, under the leadership of Helland-Hansen in 
Norway and Ekman and the Bjerknes in Sweden, while Martin Knudsen in Denmark 
worked out the precise details of the relationship between chlorinity, salinity, and 
density, enabling the theories to be verified by field observations. 

During World War II, basic investigations were interrupted while work on purely 
military applications of oceanography was carried out. Deep-sea expeditions were 
renewed by the Swedish Albatross after the war, followed by the Danish Galathea, 
the second British Challenger (built in 1931) and Discovery IJ in the antarctic, and vessels 
of the American Scripps Institution in the Pacific. Oceanographic work was carried out 
by Americans and Russians in the arctic. By 1961, a total of ten Russian and three 
United States drifting ice stations had been established. Two United States stations 
were also established aboard floating ice islands. 

Institutions. Among the leading oceanographic institutions in Europe are the 
Geophysical Institute of the University of Bergen in Norway; the Oceanographic 
Institute at Géteborg, Sweden; the National Institute of Oceanography in Great 
Britain; the German Hydrographic Institute in Hamburg; and the Museum of Oceanog- 
raphy at Monaco. The Marine Biological Station at Naples, Italy, has served as a 
model for others throughout the world. 

In the Far East, the Hydrographic Division of the Maritime Safety Agency is 
perhaps the most prominent of a number of Japanese oceanographic activities. The 
Institute of Oceanology at Vladivostok is the foremost oceanographic establishment 
on the Asiatic mainland. 

Canada maintains the Pacific Oceanographic Group at Nanaimo, B. C., and the 
Atlantic Oceanographic Group at St. Andrews, N. B. In the United States, the 
leading nongovernmental oceanographic institutions include the Scripps Institution 
of Oceanography of the University of California, La Jolla, Calif.; the Department of 
Oceanography of the University of Washington, Seattle, Wash.; Woods Hole Oceano- 
graphic Institution, Woods Hole, Mass.; the Marine Laboratory of the University of 
Miami, Coral Gables, Fla.; and the Department of Oceanography of Texas A. & M. 
College, College Station, Tex. 

There exist also various international organizations in the field of oceanography, 
which coordinate and promote international cooperation. The International Council 
for the Exploration of the Sea, with headquarters in Copenhagen, which was established 
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to exchange data on fisheries problems in the waters of northwestern Europe, has been 
notably successful, and similar organizations have been established in other areas. 

3003. Origin of the oceans.— Although many leading geologists still disagree with 
the conclusion that the structure of the continents is fundamentally different from 
that of the oceans, there is a growing body of evidence in support of the theory that 
the rocks underlying the ocean floors are more dense than those underlying the con- 
tinents. According to this theory, all the earth’s crust floats on a central liquid core, 
and the portions that make up the continents, being lighter, float with a higher free- 
board. Thus, the thinner areas, composed of heavier rock, form natural basins where 
water has collected. 

The origin of the water in the oceans is also controversial. Although some geol- 
ogists have postulated that all the water existed as vapor in the atmosphere of the 
primeval earth, and that it fell in great torrents of rain as soon as the earth cooled 
sufficiently, another school holds that the atmosphere of the original hot earth was 
lost, and that the water gradually accumulated as it was given off in steam by volcanoes 
or worked to the surface in hot springs. 

Most of the water on the earth’s crust is now in the oceans—about 328,000,000 
cubic statute miles, or about 85 percent of the total. The mean depth of the ocean 
is 2,075 fathoms, and the total area is 139,000,000 square statute miles. 

3004. Oceanographic chemistry may be divided into three main parts: the 
chemistry of (1) sea water, (2) marine sediments, and (3) organisms living in the sea. 
The first is of particular interest to the navigator. 

Chemical properties of sea water are determined by analyzing samples of water 
obtained at various places and depths. Samples from below the surface are obtained 
by means of metal bottles designed for this purpose. The open bottles are attached 
at suitable intervals to a wire lowered into the sea. When they reach the desired 
depths, a metal ring or messenger is dropped down the wire. When the messenger 
arrives at the first bottle, it causes the bottle to close, trapping a sample of the water 
at that depth, and releasing a second messenger which travels on down the wire. The 
process is repeated at each bottle until all are closed, when they are hauled up and each 
bottle detached as it comes within reach. Of the various types devised, the Nansen 
bottle is the most widely used. It is equipped with a removable frame for attaching 
a thermometer. 

For centuries table salt has been produced from sea water by natural evaporation 
in countries with a suitable climate. More recently, practical industrial processes 
have been developed for recovering bromine and magnesium from the sea. Calcium 
carbonate, in the form of oyster shells or coral rock, is obtained after precipitation by 
living organisms. 

Three elements in the sea, silicon, nitrogen, and phosphorus, are most significant 
in the growth of living organisms. 

Certain of the elements, notably chlorine, bromine, sulfur, and boron, are much 
more abundant in the ocean than in the rest of the earth’s crust. These elements are 
among the more volatile ones, and their abundance in the sea tends to confirm the 
hypothesis that volcanic action is largely responsible for the present oceans. 

In many cases, chemical relationships influence the abundance of elements in the 
sea. Barium, for example, forms a sulfate of very limited solubility, and thus the 
high concentration of sulfate in sea water limits the possible amount of dissolved 
barium. Thus, the concentration of many elements is limited by the solubility of their 
most insoluble compounds. Table 3004 indicates the amounts of the various elements 
found in solution in the oceans. 
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In addition to dissolved solids, sea water contains in solution all of the gases 
found in the atmosphere (art. 1410), but not in the same proportions. The most 
abundant is nitrogen, which, however, because of its chemical inertness, does not 
enter into biological processes. Oxygen, produced in the surface layers by plant 
photosynthesis (art. 3024) or dissolved directly from the atmosphere, is of major 
importance for all forms of life. By biological activity, the oxygen concentration at 
depths below the surface is usually reduced to a fraction of the surface values, and 
under certain conditions, owing either to the presence of abundant oxidizable material, 
or a stagnant condition, or both, it may become completely exhausted. Under these 
conditions, sulfate-reducing bacteria produce hydrogen sulfide gas from the abundant 
sulfate in sea water. The existence of such conditions is often indicated to the mariner 
by the blackening of white lead paint, a well-known phenomenon in badly polluted 
estuaries. 

Hydrogen sulfide may also be encountered at great depths in the ocean. The 
fiords of Norway, deep channels cut by former glaciers, are characterized in general 
by shallow sills at the entrances, where the terminal moraines of the glaciers were 
deposited. These sills serve as barriers to the mixing and renewing of the deeper waters 
within the fiords, and, as a result, conditions producing hydrogen sulfide are frequently 
encountered. 


Element Parts per million Element Parts per million nad 
Aluminum 0. 01 Manganese 0. 001-0. 01 
Arsenic 0. 003 Mercury 0. 00003 
Barium 0. 006 Molybdenum 0. O1 
Boron 4.7 Nickel 0. 0005 
Bromine 66 Nitrogen 0. 01-0. 7 
Cadmium 0. 00006 Phosphorus 0. 001-0. 1 
Calcium 408 Potassium 387 
Carbon 23am Radium 0. 00000000003 
Cerium 0. 0004 Rubidium 0.3 
Cesium 0. 001 Scandium 0. 00004 
Chlorine 19, 353 Selenium 0. 004 
Chromium 0. 00005 Silicon 0. 02-4. 0 
Cobalt 0. 0005 Silver 0. 0003 
Copper 0. 001-0. 01 Sodium 10, 769 
Fluorine 1.4 Strontium 10 
Gallium 0. 0005 Sulfur 901 
Gold 0. 000004 Thorium 0. 0007 
Iodine 0. 05 Tin 0. 003 
Tron 0. 002-0. 02 Titanium 0. 001 
Lanthanum 0. 0003 Uranium 0. 0033 
Lead 0. 003 Vanadium 0. 001 
Lithium 0. 2 Yttrium 0. 0003 
Magnesium 1, 297 Zine 0. 01 


TABLE 3004,— Elements found in solution in the ocean. The amounts are for a salinity of 3 
iene 5 parts 
per thousand. These values are based upon a tabulation by Profe; mae : 
Institution of Oceanography. P. y Professor E. D. Goldberg of the Scripps 


A similar situation exists in the Black Sea. Here the Bosporus and Dardanelles 
act as sills, and all the deeper water of the Black Sea is cut off from contact with the 
surface waters, which, diluted by the runoff from the Danube and Don Rivers. have a 
salinity (art. 3006) of about 17.5 parts per thousand. The deeper water nemenwted only 
by the bottom current through the Bosporus, has a salinity of 22 parts en thousand 
and the great density difference between the surface layers and the deeper water effed- 
tively prevents mixing and the transfer of dissolved oxygen from the surface layers to 
greater depths. Below about 100 fathoms, therefore, the waters of the Black Sea are 
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completely devoid of dissolved oxygen, containing instead large concentrations of 
hydrogen sulfide. 

No living creatures exist under these conditions except anaerobic bacteria, which 
comprise the only form of life in five-sixths of the waters of the Black Sea. 

3005. Physical properties of sea water are dependent primarily upon salinity, 
temperature, and pressure. However, factors like motion of the water and the amount 
of suspended matter affect such properties as color and wansparency, conduction of 
heat, absorption of radiation, etc. 

3006. Salinity is the amount of dissolved solid material in the water, usually 
expressed as parts per thousand (by weight), under certain standard conditions. This 
is not the same as chlorinity, which is equal approximately to the amount of chlorine 
in the water. (Actually the chlorine content is about 1.00045 times the chlorinity as 
determined by standard procedures.) The two have been found to be related 
empirically by the formula 


salinity =0.03-+1.805 x chlorinity. 


Since the determination of salinity is a slow and difficult process, while chlorinity can 
be determined easily and accurately by titration with silver nitrate, it is customary to 
determine chlorinity and compute salinity by the formula given above. By this 
process, salinity can be determined with an error not exceeding 0.02 parts per thousand. 
It generally varies between about 33 and 37 parts per thousand, the average being 
about 35 parts per thousand. However, when the water has been diluted, as near the 
mouth of a river or after a heavy rainfall, the salinity is somewhat less; and in areas of 
excessive evaporation, the salinity may be as high as 40 parts per thousand. In certain 
confined bodies of water, notably the Great Salt Lake in Utah, and the Dead Sea in 
Asia Minor, the salinity is several times this maximum. Chlorinity accounts for about 
55 percent of salinity, the average being about 19 parts per thousand. 

3007. Temperature in the ocean varies widely, both horizontally and with depth. 
Maximum values of about 90° F are encountered in the Persian Gulf in summer, and 
the lowest possible values of about 28° F (the usual minimum freezing point of sea 
water) occur in polar regions. H.O. Pub. No. 225, World Atlas of Sea Surface Tem- 
peratures, shows in detail the average sea surface temperatures for each month. The 
following tabulation gives the percentage distribution of temperatures for the world 
for the months of February and August, as derived from this source: 


Surface temperature Percentage of area of ocean 
ta February August 
<35 12.0 13; 4 

35-40 6.5 3.3 
40-45 4.0 3.0 
45-50 4.5 5. 0 
50-55 4.0 6.5 
55-60 5. 0 6.0 
60-65 9. 5 6.3 
65-70 8.0 7.0 
70-75 10.0 10. 4 
75-80 divand: 16.5 
80-85 23.0 22.7 
85-90 0.0 0.2 


The vertical distribution of temperature in the sea nearly everywhere shows a 
decrease of temperature with depth. Since colder water is denser, it sinks below warmer 
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water. This results in a temperature distribution just opposite to that in the earth’s 
crust, where temperature increases with depth below the surface of the ground. 

In general, in the sea there is usually a mixed layer of isothermal water below the 
surface, where the temperature is the same as that of the surface. This layer is best 
developed in the trade-wind belts, where it may extend to a depth of 100 fathoms; 
in temperate latitudes in the spring, it may disappear entirely. Below this layer is a 
zone of rapid temperature decrease, called the thermocline, to the temperature of the 
deep oceans. At a depth greater than 200 fathoms, the temperature everywhere is 
below 60°F, and in the deeper layers, fed by cooled waters that have sunk from the 
surface in the arctic and antarctic, temperatures as low as 33°F exist. q 

In the deepest ocean basins, the temperature increases slightly with depth, the 
increase being about 1°F at 3,000 fathoms. The warming is believed to be caused 
more by the slight compression of sea water than by heat from the earth’s crust. 

typical curve of temperature at various depths is shown in figure 3503a. Tem- 
perature at any desired depth is determined by means of a reversing thermometer at- 
tached to a Nansen bottle (art.3004)._ When the bottle closes, the thermometer measures 
the temperature to within 0°04F, thus providing a reading for a particular time and 
point. Within about 75 fathoms of the surface, where the principal changes occur, a 
continuous record of temperature can be obtained by an instrument called a 
bathythermograph, invented by Spilhaus in 1938. 

3008. Pressure.—In oceanographic work, pressure is generally expressed in units 
of the centimeter-gram-second system. The basic unit of this system is one dyne per 
square centimeter. This is a very small unit, one million constituting a practical unit 
called a bar, which is nearly equal to one atmosphere. Atmospheric pressure is often 
expressed in terms of millibars, 1,000 of these being equal to one bar. In oceanographic 
work, water pressure is commonly expressed in terms of decibars, ten of these being 
equal to one bar. One decibar is equal to nearly 1% pounds per square inch. This 
unit is convenient because it is very nearly the pressure exerted by one meter of water. 
Thus, the pressure in decibars is approximately the same as the depth in meters, the 
unit of depth customarily used in oceanographic research. In terms more familiar 
to the mariner, the pressure at various depths is as follows: 


Depth in Pressure in pounds per 
fathoms square inch 

1, 000 2, 680 

2, 000 5, 390 

3, 000 8, 100 

4, 000 10, 810 

5, 000 13, 520 


The increase in pressure with depth is nearly constant because water is only slightly 
compressible. 

Although virtually all of the physical properties of sea water are affected to a 
measurable extent by pressure, the effect is not as great as those of salinity and tem- 
perature. Pressure is of particular importance to submarines, directly because of the 
stress it induces in the materials of the craft, and indirectly because of its effect upon 
buoyancy. 

3009. Density is mass per unit volume. Oceanographers use the centimeter- 
gram-second system, in which density is expressed as grams per cubic centimeter. 
The ratio of the density of a substance to that of a standard substance under stated 
conditions is called specific gravity. By definition, the density of distilled water at 
4°C (39°2F) is one gram per milliliter (approximately one gram per cubic centimeter). 
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Therefore, if this is used as the standard, as it is in oceanographic work, density and 
specific gravity are virtually identical numerically. 

The density of sea water depends upon salinity, temperature, and pressure. At 
constant temperature and pressure, density varies with salinity or, because of the 
relationship between this and chlorinity, with the chlorinity. A temperature of 32° F 
and atmospheric pressure are considered standard for density determination. The 
effects of thermal expansion and compressibility are used to determine the density 
at other temperatures and pressures. The density at a particular pressure affects 
the buoyancy of submarines. It is also important in its relation to ocean currents. 

The greatest changes in density of sea water occur at the surface, where the water 
is subject to influences not present at depths. Here density is decreased by precipita- 
tion, run-off from land, melting of ice, or heating. When the surface water becomes 
less dense, it tends to float on top of the more dense water below. There is little 
tendency for the water to mix, and so the condition is one of stability. The density 
of surface water is increased by evaporation, formation of sea ice, and by cooling. 
If the surface water becomes more dense than that below, it sinks to the level at which 
other water has the same density. Here it tends to spread out to form a layer, or to 
increase the thickness of the layer below it. The less dense water rises to make room 
for it, and the surface water moves in to replace that which has descended. Thus, a 
convective circulation is established. It continues until the density becomes uniform 
from the surface to the depth at which a greater density occurs. If the surface water 
becomes sufficiently dense, it sinks all the way to the bottom. If this occurs in an 
area where horizontal flow is unobstructed, the water which has descended spreads to 
other regions, creating a dense bottom layer. Since the greatest increase in density 
occurs in polar regions, where the air is cold and great quantities of ice form, the cold, 
dense polar water sinks to the bottom and then spreads to lower latitudes. This 
process has continued for a sufficiently long period of time that the entire ocean floor 
is covered with this dense polar water, thus explaining the layer of cold water at great 
depths in all the oceans. 

In some respects, oceanographic processes are similar to those occurring in the 
atmosphere (ch. XXXVIII). The convective circulation in the ocean is somewhat 
similar to that in the atmosphere. Water masses having nearly uniform characteristics 
are analogous to air masses. 

3010. Compressibility——Sea water is nearly incompressible, its coefficient of 
compressibility being only 0.000046 per bar under standard conditions. This value 
changes slightly with changes of temperature or salinity. The effect of compression is 
to force the molecules of the substance closer together, causing it to become more dense. 
Even though the compressibility is low, its total effect is considerable because of the 
amount of water involved. If the compressibility of sea water were zero, sea level 
would be about 90 feet higher than it now is. 

3011. Viscosity is resistance to flow. Sea water is slightly more viscous than 
fresh water. Its viscosity increases with greater salinity, but the effect is not nearly 
as marked as that occurring with decreasing temperature. The rate is not uniform, 
becoming greater as the temperature decreases. Because of the effect of temperature 
upon viscosity, an incompressible object might sink at a faster rate in warm surface 
water than in colder water below. However, for most objects, this effect may be more 
than offset by the compressibility of the object. 

The actual relationships existing in the ocean are considerably more complicated 
than indicated by the simple explanation given above, because of turbulent motion 
within the sea. The disturbing effect is called eddy viscosity. 
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3012. Specific heat is the amount of heat required to raise the temperature of a 
unit mass of a substance a stated amount. In oceanographic work, specific heat is 
stated, in centimeter-gram-second units, as the number of calories needed to raise one 
gram of the substance 1°C. Specific heat at constant pressure is usually the quantity 
desired when liquids are involved, but occasionally the specific heat at constant volume 
is required. The ratio of these two quantities has a direct relationship to the speed of 
sound in sea water. 

The specific heat of sea water decreases slightly as salinity increases. However, 
it is much greater than that of land. This accounts, in part, for the greater tempera- 
ture range of land and the atmosphere above it, resulting in monsoons (art. 3810) and 
the familiar land and sea breezes of tropical and temperate regions (art. 3814). 

3013. Thermal expansion.—The rate of expansion with increased temperature is 
greater in sea water than in fresh water. Thus, at temperature 15°C (59°F), and 
atmospheric pressure, the coefficient of thermal expansion is 0.000151 per degree 
Celsius for fresh water and 0.000214 per degree Celsius for water of 35 parts per thousand 
salinity. The coefficient of thermal expansion increases not only with greater salinity, 
but also with increased temperature and pressure. At 35 parts per thousand, the 
coefficient of surface water increases from 0.000051 per degree Celsius at 0°C (32°F ) 
to 0.000334 per degree Celsius at 30°C (86°F). Ata constant temperature of 0°C 
(32°F) and a salinity of 34.85 parts per thousand, the coefficient increases to 0.000276 
per degree Celsius at a pressure of 10,000 decibars (at a depth of approximately 10,000 
meters). 

3014. Thermal conductivity—In water, as in other substances, one method of 
heat transfer is by conduction. Fresh water is a poor conductor of heat, having a 
coefficient of thermal conductivity of 0.00139 calories per second per centimeter per 
degree Celsius. For sea water it is slightly less but increases with greater temperature 
or pressure. 

However, if turbulence is present, which it nearly always is to some extent in the 
ocean, the processes of heat transfer are altered. The effect of turbulence is to increase 
greatly the rate of heat transfer. The “eddy” coefficient used in place of the still-water 
coefficient is so many times larger, and so dependent upon the degree of turbulence that 
the effects of temperature and pressure are not important. 

3015. Electrical conductivity._Water without impurities is a very poor conductor 
of electricity. However, when salt is in solution in water, the salt molecules are ionized 
(art. 1007) and therefore are carriers of electricity. Hence, the electrical conductivity 
of sea water is directly proportional to the number of salt molecules in the water. For 
any given salinity, the conductivity increases with an increase in temperature. 

3016. Radioactivity Although the amount of radioactive material in sea water 
(tab. 3004) is very small, this material is present in marine sediments to a greater 
extent than in the rocks of the earth’s crust. This is probably due to precipitation 
of radium or other radioactive material from the water. The radioactivity of the top 
layers of sediment is less than that of deeper layers. This may be due to absorption 
of radioactive material in the soft tissues of marine organisms. 

3017. Refractive index (art. 1613) of sea water increases as salinity becomes 
greater, or as temperature decreases. Since it varies with frequency of the radiant 
energy, the “D line’ of sodium is usually used as the standard for comparison. 

3018. Surface tension of water in dynes per square centimeter is approximately 
equal to 75.64—0.144 T+0.0399 Cl, where T is temperature in degrees Celsius (centi- 
grade) and Cl is the chlorinity of the water in parts per thousand. As indicated by 
the last term, the surface tension increases with chlorinity, and is therefore a little 
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more for sea water than for fresh water. However, the presence of impurities causes 
it to be somewhat less than indicated by the formula. 

3019. Transparency of sea water varies with the number, size, and nature of 
particles suspended in the water, as well as with the nature and intensity of illumina- 
tion. The rate of decrease of light energy with depth is called the “extinction coeffi- 
cient.” The earliest method of measuring transparency was by means of a Secchi disk, 
a white disk 30 centimeters (a little less than one foot) in diameter. This was lowered 
into the sea, and the depth at which it disappeared was recorded. In coastal waters 
the depth varies from about 5 to 25 meters (16 to 82 feet). Offshore, the depth is 
usually about 45 to 60 meters (148 to 197 feet). The greatest recorded depth at which 
the disk has disappeared is 66 meters (217 feet), in the Sargasso Sea. 

Although the Secchi disk still affords a simple method of measuring transparency, 
more exact methods have been devised. 

3020. Color.—The color of sea water varies considerably. Water of the Gulf 
Stream is a deep indigo blue, while a similar current off Japan was named Kuroshio 
(Black Stream) because of the dark color of its water. Along many coasts the water 
is green. In certain localities a brown or brownish-red water has been observed. 

Offshore, some shade of blue is common, particularly in tropical or sub-tropical 
regions. It is due to scattering of sunlight by minute particles suspended in the water, 
or by molecules of the water itself. Because of its short wave length, blue light is 
more effectively scattered than light of longer waves. Thus, the ocean appears blue 
for the same reason that the sky does (art. 3817). The green color often seen near 
the coast is a mixture of the blue due to scattering of light and a stable soluble yellow 
pigment associated with phytoplankton (art. 3024). Brown or brownish-red water 
receives its color from large quantities of certain types of algae, microscopic plants in 
the sea. 

3021. Marine geology is a branch of oceanography dealing with bottom relief, 
particularly the characteristics of ocean basins and the geological processes that brought 
them into being and tend to alter them, as well as with marine sediments. 

3022. Bottom relief.—Compared to land, relatively little is known of relief below 
the surface of the sea. It would be difficult to withhold knowledge of a major land 
feature in an area often visited by man, but the sea has until recent years proved an 
effective barrier to acquisition of knowledge of features below its surface. Although 
soundings of 1,000 fathoms were probably made as early as the second century BC 
(art. 3002), the number of deep sea soundings by means of a weight lowered to the 
bottom has been relatively few. The process is a time-consuming one requiring special 
equipment. Several hours are needed for a single sounding. Since the development 
of an effective echo sounder (art. 619) in 1922, the number of deep sea soundings has 
greatly increased. Later, a recording echo sounder was developed to permit the con- 
tinuous tracing of a bottom profile. This has assisted materially in the acquisition of 
knowledge of bottom relief. By this means, many flat-topped seamounts (called 
guyots), mountain ranges, and other features have been discovered. Although the 
main features are becoming known, a great many details are yet to be learned. 

Along most of the coasts of the continents, the bottom slopes gradually downward 
to a depth of about 100 fathoms or somewhat less, where it falls away more rapidly 
to greater depths. This continental shelf averages about 30 miles in width, but varies 
from nothing to about 800 miles, the widest part being off the Siberian arctic coast. 
A similar shelf extending outward from an island or group of islands is called an insular 
shelf. At the outer edge of the shelf, the steeper slope of 2° to 4° is called the conti- 
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nental talus or continental slope, or the insular talus or insular slope, according to 
whether it surrounds a continent or group of islands. The shelf itself is not uniform, 
but has numerous hills, ridges, terraces, and canyons, the largest being comparable in 
size to the Grand Canyon. 

As a general rule, the slope of the deep sea bottom is gradual, averaging between 
20’ and 40’, but there are many exceptions to this. Off a volcanic island it may be as 
much as 45°. The relief of the ocean floor is comparable to that of land. Both have 
steep, rugged mountains, deep canyons, rolling hills, plains, etc. Most of the ocean 
floor is considered to be made up of a number of more-or-less circular or oval depressions 
called basins, surrounded by walls of lesser depth. 

The average depth of water in the oceans is 2,075 fathoms (12,450 feet), as com- 
pared to an average height of land above the sea of about 2,750 feet. The greatest 
known depth is 35,640 feet, in the Marianas Trench in the Pacific. The highest known 
land is Mount Everest, 29,002 feet. About 23 percent of the ocean is shallower than 
10,000 feet, about 76 percent is between 10,000 and 20,000 feet, and a little more than 
one percent is deeper than 20,000 feet. A very deep part, generally that below 3,000 
fathoms, is called a deep. A long, narrow depression with steep sides is called a trench. 

3023. Marine sediments.—The ocean floor is composed of material deposited 
there through the years. This material consists principally of (1) earth and rocks 
washed into the sea by streams and waves, (2) volcanic ashes and lava, and (3) the 
remains of marine organisms. Lesser amounts of land material are carried into the 
sea by glaciers, or blown out to sea by wind. In the ocean, the material is transported 
by ocean currents, waves, and ice. Near shore the material is deposited at the rate of 
about three inches in 1,000 years, while in the deep water offshore the rate is only about 
half an inch in 1,000 years. Marine deposits in water deep enough to be relatively 
free from wave action are subject to little erosion. Because of this and the slow rate 
of deposit, marine sediments provide a better geological record than does the land. 

Marine sediments are composed of individual particles of all sizes from the finest 
clay to large boulders. In general, the imorganic deposits near shore are relatively 
coarse (sand, gravel, shingle, etc.), while those in deep water are much finer (clay). 
In some areas the siliceous remains of marine organisms or the calcareous deposits 
(of either organic or inorganic origin) are sufficient to predominate on the ocean floor. 

A wide range of colors is found in marine sediments. The lighter colors (white 
or a pale tint) are usually associated with coarse-grained quartz or limestone deposits. 
Darker colors (red, blue, green, etc.) are usually found in mud having a predominance 
of some mineral substance, such as an oxide of iron or manganese. Black mud is often 
found in an area that is little disturbed, such as at the bottom of an inlet or in a de- 
pression without free access to other areas. 

Marine sediments are studied primarily by means of bottom samples. Samples 
of surface deposits are obtained by means of a snapper (for mud, sand, etc.) or 
“dredge” (usually for rocky material). If a sample of material below the bottom 
surface is desired, a “coring” device is used. This device consists essentially of a 
tube driven into the bottom by weights or explosives. A sample obtained in this way 
preserves the natural order of the various layers. Samples of more than 100 feet in 
depth have been obtained by means of coring devices. The bottom sample obtained 
by the mariner, by arming his lead with tallow or soap (art. 617), is an incomplete 
indication of bottom surface conditions. 

3024. Marine biology.—Sea water has all of the chemical elements needed to 
sustain plant and animal life. Because of this, and the fact that the oceans contain 
about 300 times as much space for the existence of life as is available on land and in 
fresh water, organic material is present in vast quantities. 
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Marine life may be divided into three major groups: (1) nekton (strong-swimming 
animals such as fish), (2) plankton (tiny floating plants or feebly swimming or floating 
animals), and (3) benthos (plants and animals living on the bottom, such as seaweed, 
barnacles, and crabs). Plankton may be divided into: (a) the phytoplankton, consisting 
of microscopic floating plants; and (b) the zooplankton, consisting of feebly swimming 
or floating animals. Most plankton vary in size from microscopic units to those a small 
fraction of an inch in length. 

Most organic material in the sea is in the form of plankton, which is carried by the 
ocean currents, not having sufficient strength to choose its environment. Either directly 
or indirectly, nearly all marine life depends upon these organisms. By means of 
photosynthesis, a process using sunlight, phytoplankton changes chemical nutrients 
(silicates, nitrates, phosphates) in the sea into primary food which is used by the 
zooplankton and, to some extent, by larger animals. However, most of the larger 
animals feed upon the zooplankton. The chemical nutrients are replaced by the 
excretion of animals and bacterial action in the decomposition of dead plants and 
animals. Thus, a food cycle is continually going on from chemical nutrient to phyto- 
plankton to zooplankton to nekton and benthos to chemical nutrients. 

As indicated above, growth of phytoplankton requires both sunlight and a supply 
of chemical nutrients. Sunlight in sufficient strength to permit photosynthesis pene- 
trates to a maximum depth of about 500 feet or less. This upper layer in which the 
process occurs is called the euphotic zone. Within this zone, photosynthesis is limited 
primarily by the supply of chemical nutrients. Under favorable conditions, phyto- 
plankton may increase by as much as 300 percent in a single day. 

The abundance of marine life is directly related to the supply of phytoplankton. 
In shallow water, the chemical nutrients on the bottom are stirred up by motion of the 
water, and carried into the euphotic zone. This is why an area such as the Grand Banks 
is a good fishing ground. In polar regions the chemical nutrients are relatively abun- 
dant, being brought to the surface by convective currents as the cold surface water 
sinks and is replaced by the warmer water from the bottom. In the tropics, on the 
other hand, the sea is relatively stable, and the chemical nutrients have a tendency to 
sink below the euphotic zone. Even though the clear, blue water has the deepest 
euphotic zone, photosynthesis proceeds at aslowrate. For this reason blue is sometimes 
called the ‘‘desert color of the sea.”’ 

Ocean currents and marine life are so interrelated that currents can sometimes 
be traced by their supply of plankton. In general, the oceanic circulation helps 
sustain marine life by stirring up the chemical nutrients and carrying them, or the 
plankton formed from them, into regions which have an inadequate supply. However, 
the reverse effect can occur. A notable example occurs from time to time off the west 
coast of South America. At varying intervals averaging about 12 years, a well- 
developed stream of tropical water having a relatively small supply of chemical nu- 
trients and plankton flows southward, close to the shore. This water replaces the 
colder water which is rich in chemical nutrients and plankton. The result is a whole- 
sale destruction of fish which cannot obtain a sufficient supply of food. In some 
areas the dead fish are washed ashore in such quantities as to constitute a serious 
problem. With the destruction of so many fish, the supply of guano also decreases 
because of the death of large numbers of the birds which depend upon the fish for their 
food supply. Since it commonly occurs near Christmas, this phenomenon is called 
‘HI Nino.” A strong current such as the Gulf Stream annually carries many fish to 
their deaths by transporting them from their normally warm habitat to areas where 
they encounter water which is too cold for them to endure. 


702 THE OCEANS 


References 


Crease, J. “The Origin of Ocean Currents.”’ Journal of the Institute of Navigation 
(British), vol. 5, no. 3 (July 1952). 

Day, A., Rear Admiral. ‘Navigation and Hydrography.” Journal of the Institute of 
Navigation (British), vol. 6, no. 1 (January 1953). 

Deacon, G. E. R. “Oceanographical Research and Navigation.” Journal of the 
Institute of Navigation (British), vol. 4, no. 3 (July 1951). 

Defant, A. Physical Oceanography. (2 vols.) New York, Pergamon, 1961. 

Marmer, H. A. The Scope of Oceanography. James Johnstone Memorial Volume. 
Vinal University Press of Liverpool, 1934. 

National Research Council. Physics of the Harth—Oceanography. Bulletin no. 85, 
Chapter V. Washington, The National Academy of Sciences, 1932. 

Satow, P. G. ‘Some Problems of Underwater Navigation.” Journal of the Institute 
of Navigation (British), vol. 4, no. 3 (July 1951). 

Shepard, F. P. Submarine Geology. New York, Harper, 1948. 

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H. The Oceans, Their Physics, 
Chemistry and General Biology. New York, Prentice-Hall, 1942. 


CHAPTER XXxXI 
TIDES AND TIDAL CURRENTS 


General 


3101. The tidal phenomenon is the periodic motion of the waters of the sea due 
to differences in the attractive forces of various celestial bodies, principally the moon 
and sun, upon different parts of the rotating earth. It can be either a help or hindrance 
to the mariner—the water’s rise and fall may at certain times provide enough depth 
to clear a bar and at others may prevent him from entering or leaving a harbor. The 
flow of the current may help his progress or hinder it, may set him toward dangers or 
away from them. By understanding this phenomenon and by making intelligent use 
of predictions published in tide and tidal current tables and of descriptions in sailing 
directions, the mariner can set his course and schedule his passage to make the tide 
serve him, or at least to avoid its dangers. 

3102. Tide and current.—In its rise and fall, the tide is accompanied by a periodic 
horizontal movement of the water called tidal current. The two movements, tide and 
tidal current, are intimately related, forming parts of the same phenomenon brought 
about by the tide-producing forces of the sun and moon, principally. 

It is necessary, however, to distinguish clearly between tide and tidal current, 
for the relation between them is not a simple one nor is it everywhere the same. For 
the sake of clearness and to avoid misunderstanding, it is desirable that the mariner 
adopt the technical usage: tide for the vertical rise and fall of the water, and current 
for the horizontal flow. The tide rises and falls, the tidal current floods and ebbs. In 
British usage, tidal current is called tidal stream. 

3103. Cause.—Tides result from differences in the gravitational attraction of 
various celestial bodies, principally the moon and sun, upon different parts of the rotat- 
ing earth. The gravity of the earth acts approximately toward the earth’s center, 
and tends to hold the earth in the shape of a sphere. But the moon and sun provide 
disturbing, or tide-producing, forces. Consider the earth and moon. The moon 
appears to revolve about the earth, but actually the moon and earth revolve about 
their common center of mass. They are held together by gravitational attraction 
and kept apart by an equal and opposite centrifugal force. In this earth-moon system, 
the tide-producing force on the earth’s hemisphere nearer the moon is in the direction 
of the moon’s attraction, or toward the moon. On the hemisphere opposite the moon 
the tide-producing force is in the direction of the centrifugal force, or away from the 
moon. 

At the sublunar point, and its antipode, the moon’s attractive force is vertical, in 
the opposite direction to gravity. Along the great circle midway between these points, 
the force is horizontal, parallel to the earth’s surface. At any other point, the moon’s 
tide-producing force can be resolved into horizontal and vertical components. Both 
are very small compared to the earth’s gravity. Since the horizontal component is 
not operating against gravity and can draw particles of water over the surface of the 
earth, it is the more effective in generating tides. 

The tide-producing forces, then, tend to create high tides on the sides of the earth 
nearest to and farthest from the moon, with a low tide belt between them. As the 
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earth rotates, a point on earth passes through two high and two low areas each day if 
the moon is over the equator (fig. 3103, A). When the moon is north or south of the 
equator, the force pattern is as shown in figure 3103, B, and a point on the equator 
passes through two equal highs, but a point in higher latitudes passes through two 
unequal highs or only one high. Thus, due to changes in the moon’s declination, there 
is introduced a diurnal inequality in the pattern of the tidal forces at a particular place. 
There are similar forces due to the sun, and the total tide producing force is the resultant 
of the two. Minute tidal effects are caused by other celestial bodies. 

The mathematician develops his formulas by considering the difference in attrac- 
tion between a point on the earth’s surface and a point at the earth’s center. In 
accordance with Newton’s law, gravitational attraction of an astronomical body varies 
directly as its mass and inversely as the square of its distance. But the tide-producing 
(differential) force varies directly as the mass and inversely as the cube of the distance. 
As a consequence, only the moon and sun produce any appreciable tidal effect upon 
the earth. Further, although the moon’s mass is but a fraction of the sun’s, dividing 
such masses by the cube of their respective distances—(238,862)? statute miles and 
(92,900,000)? statute miles, respectively—reduces the sun’s tide-producing force to 
only 0.46 that of the moon. It is because of this that the timing of the tides is identified 
so closely with the motions of the moon. 

Though the tide-producing forces are distributed over the earth in a regular 
manner, the sizes and shapes of the ocean basins and the interference of the land masses 

prevent the tides of the oceans from assuming a 
simple, regular pattern. The way in which the 
waters in different parts of the oceans, as well as in 
the smaller waterways, respond to these known regu- 
Toward the Moon, lar forces is dependent in large part upon the size, 


depth, and configuration of the basin or waterway. 
Tide 
3104. General features.—Tide is the periodic 
rise and fall of the water accompanying the 
tidal phenomenon. At most places it occurs twice 
daily. The tide rises until it reaches a maximum 
height, called high tide or high water, and then falls 
to a minimum level called low tide or low water. 
The rate of rise and fall is not uniform. From 
low water, the tide begins to rise slowly at first but 
at an increasing rate until it is about halfway to high 
water. The rate of rise then decreases until high 
water is reached and the rise ceases. The falling tide 
eee ee oe behaves in a similar manner. The period at high or 
magnitude and direction of the low water during which there is no sensible change 
euaiesten spouse of the ine of level is called stand. The difference in height be- 
surface. (A) When the moon is tWeen consecutive high and low waters is the range. 
oe ve Hes ae the nel oa ees Hoe Figure 3104 is a graphical representation of the 
the two points on the same parallel TiSe and fall of the tide at New York during a 24- 
onpiatiings uae aoe a : hour period. The tide curve has the general form 
at north (or south) declination, the of a sine curve (fig. O40b). 
SUE eee ee potas 3105. Types of tide.—A body of water has a 
the two high waters and the twa natural period of oscillation that is dependent upon 
low waters of a day. its dimensions. None of the oceans appears to be a 
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single oscillating body, but rather each 
one is made up of a number of oscillat- 
ing basins. As such basins are acted 
upon by the tide-producing forces, some 
respond more readily to daily or diurnal 
forces, others to semidiurnal forces, and 
others almost equally to both. Hence, 
tides at a place are classified as one of three 
types—semidiurnal, diurnal, or mixed— 
NEW YORK according to the characteristics of the 
tidal pattern occurring at the place. 

In the semidiurnal type of tide, there 
are two high and two low waters each tidal 
day, with relatively small inequality in the high and low water heights. Tides on the 
Atlantic coast of the United States are representative of the semidiurnal type, which 
is illustrated in figure 3105a by the tide curve for Boston Harbor. 

In the diurnal type of tide, only a single high and single low water occur each 
tidal day. Tides of the diurnal type occur along the northern shore of the Gulf of 
Mexico, in the Java Sea, the Gulf of Tonkin (off the Vietnam-China coast), and in a few 
other localities. The tide curve for Pakhoi, China, illustrated in figure 3105b, is an 
example of the diurnal type. 

In the mixed type of tide, the diurnal and semidiurnal oscillations are both im- 
portant factors and the tide is characterized by a large inequality in the high water 
heights, low water heights, or in both. There are usually two high and two low waters 
each day, but occasionally the tide may become diurnal. Such tides are prevalent 
along the Pacific coast of the United States and in many other parts of the world. 
Examples of mixed types of tide are shown in figure 3105c. At Los Angeles, it is typical 
that the inequalities in the high and low waters are about the same. At Seattle the 
greater inequalities are typically in the low waters, while at Honolulu it is the 
high waters that have the greater inequalities. 

3106. Solar tide.—The natural period of oscil- 6 9 121518210 3 6 9 
lation of a body of water may accentuate either the 
solar or the lunar tidal oscillations. Though it is 
a general rule that the tides follow the moon, the 
relative importance of the solar effect varies in 
different areas. There are a few places, primarily 
in the South Pacific and the Indonesian areas, where 
the solar oscillation is the more important, and 
at those places the high and low waters occur at pygure 3105a.—Semidiurnal type of 
about the same time each day. At Port Adelaide, tide. 

Australia (fig. 3106), the solar and lunar semi- 
diurnal oscillations are equal and nullify one another 
at neaps (art. 3108). 

3107. Special effects.—As a progressive wave 
enters shallow water, its speed is decreased. Since 
the trough is shallower than the crest, its retarda- 
tion is greater, resulting in a steepening of the wave 
front. Therefore, in many rivers, the duration of 
rise is considerably less than the duration of fall. 
In a few estuaries, the advance of the low water 
trough is so much retarded that the crest of the Frcurn 3105b.—Diurnal type of tide. 


Figure 3104.—The rise and fall of the tide at 
New York, shown graphically. 


BOSTON 


9 121518210 3 6 9 12151821 
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rising tide overtakes the low, and advances upstream as a churning, foaming wall of 
water called a bore. Bores that are large and dangerous at times of large tidal ranges 
may be mere ripples at those times of the month when the range is small. Examples 
occur in the Petitcodiac River in the Bay of Fundy and at Haining, China, in the 

Tsientang Kiang. The tide tables indicate where bores occur. 
Other special features are the double low water (as at Hoek Van Holland) and the 
double high water (as at Southampton, England). At such places there is often a 
slight fall or rise in the middle of the high or low 


water period. The practical effect is to create a 
69121518210 3.6 9 12151821 Dp p 


HOURS HOURS longer period of stand at high or low tide. The tide 
5 tables direct attention to these and other peculiari- 
4 ties where they occur. 
3108. Variations in range.—Though the tide 
oH at a particular place can be classified as to type, 


it exhibits many variations during the month (fig. 
3106). The range of the tide varies in accordance 
with the intensity of the tide-producing force, 
though there may be a lag of a day or two (age 
of tide) between a particular astronomic cause and 
the tidal effect. 

Thus, when the moon is at the point in its 
orbit nearest the earth (at perigee), the lunar semi- 
diurnal range is increased and perigean tides occur; 
when the moon is farthest from the earth (at apogee), 
SEATTLE the smaller apogean tides occur. When the moon 

and sun are in line and pulling together, as at new 
and full moon, spring tides occur (the term spring 
has nothing to do with the season of year); when 
the moon and sun oppose each other, as at the 
quadratures, the smaller neap tides occur. 
~ When certain of these phenomena coincide, 
the great perigean spring tides, the small apogean 
neap tides, etc., occur. 
These are variations in the semidiurnal por- 
FicurE 3105¢c.—Mixed types of tide. tion of the tide. Variations in the diurnal portion 
occur as the moon and sun change declination. 
When the moon is at its maximum semi-monthly declination (either north or south), 
tropic tides occur in which the diurnal effect is at a maximum ; when it crosses the 
equator, the diurnal effect is a minimum and equatorial tides occur. 

It should be noted that when the range of tide is increased, as at spring tides, 
there is more water available only at high tide; at low tide there is less, for the high 
waters rise higher and the low waters fall lower at these times. There is more water 
at neap low water than at spring low water. With tropic tides, there is usually more 
depth at one low water during the day than at the other. While it is desirable to know 
the meanings of these terms, the best way of determining the height of the tide at any 
place and time is to examine the tide predictions for the place as given in the tide 
tables. Figure 3108 illustrates variations in the ranges and heights of tides in a locality 
where the water level always exceeds the charted depth. 
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Fiaure 3106—Tidal variations at various places during a month. 
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Figure 3108.—Variations in the ranges and heights of tide in a locality where the water level 
always exceeds the charted depth. 


3109. Tidal cycles.—Tidal oscillations go through a number of cycles. The 
shortest cycle, completed in about 12 hours and 25 minutes for a semidiurnal tide, 
extends from any phase of the tide to the next recurrence of the same phase. During a 
lunar day (averaging 24 hours and 50 minutes) there are two highs and two lows (two of 
the shorter cycles) for a semidiurnal tide. The effect of the phase variation is completed 
in about two weeks as the moon varies from new to full or full to new. The effect of 
the moon’s declination is also repeated about each two weeks. The cycle involving the 
moon’s distance requires approximately a lunar month (a synodical month of about 29% 
days). The sun’s declination and distance cycles are respectively a half year and a year 
in length. An important lunar cycle, called the nodal period, is 18.6 years (usually 
expressed in round figures as 19 years). For a tidal value, particularly a range, to be 
considered a true mean, it must be either based upon observations extended over this 
period of time or adjusted to take account of variations known to occur during the cycle. 

3110. Time of tide.—Since the lunar tide-producing force has the greater effect 
in producing tides at most places, the tides “follow the moon.” Because of the rotation 
of the earth, high water lags behind meridian passage (upper and lower) of the moon. 
The tidal day, which is also the lunar day, is the time between consecutive transits 
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of the moon, or 24 hours and 50 minutes on the average. Where the tide is largely 
semidiurnal in type, the lunitidal interval—the interval between the moon’s meridian 
transit and a particular phase of tide—is fairly constant throughout the month, varying 
somewhat with the tidal cycles. There are many places, however, where solar or 
diurnal oscillations are effective in upsetting this relationship, and the newer editions 
of charts of many countries now omit intervals because of the tendency to use them 
for prediction even though accurate predictions are available in tide tables. However, 
the lunitidal interval may be encountered. The interval generally given is the average 
elapsed time from the meridian transit (upper or lower) of the moon until the next 
high tide. This may may be called mean high water lunitidal interval or establishment 
of the port. The high water full and change (HWF&C) or vulgar establishment, 
sometimes given, is the average interval on days of full or new moon, and approximates 
the mean high water lunitidal interval. 

In the ocean, the tide may be of the nature of a progressive wave with the crest 
moving forward, a stationary or standing wave which oscillates in a seesaw fashion, 
or a combination of the two. Consequently, caution should be used in inferring the 
time of tide at a place from tidal data for nearby places. In a river or estuary, the tide 
enters from the sea and is usually sent upstream as a progressive wave, so that the 
tide occurs progressively later at various places upstream. 

3111. Tidal datums.—A tidal datum is a level from which heights and depths 
are measured. There are a number of such levels of reference that are important 
to the mariner. The relation of the tide each day during a month to these datums is 
shown, for certain places, in figure 3106. 

The most important level of reference to the mariner is the datum of soundings 
on charts. Since the tide rises and falls continually while soundings are being taken 
during a hydrographic survey, the tide should be observed during the survey so that 
soundings taken at all stages of the tide can be reduced to acommon datum. Soundings 
on charts show depths below a selected low water datum (occasionally mean sea level), 
and tide predictions in tide tables show heights above the same level. The depth 
of water available at any time is obtained by adding the height of the tide at the time 
in question to the charted depth, or by subtracting the predicted height if it is negative. 

By international agreement, the level used as chart datum should be just low 
enough so that low waters do not go far below it. At most places, however, the level 
used is one determined from a mean of a number of low waters (usually over a 19-year 
period) ; therefore some low waters can be expected to fall below it. The following are 
some of the datums in general use. 

The highest low water datum in considerable use is mean low water (MLW), which 
is the average height of all low waters at a place. About half of the low waters fall 
below it. Mean low water springs (MLWS), usually shortened to low water springs, is 
the average level of the low waters that occur at the times of spring tides. Mean lower 
low water (MLLW) is the average height of the lower low waters at a place. Tropic 
lower low water (TcLLW) is the average height of the lower low waters (or of the single 
daily low waters if the tide becomes diurnal) that occur when the moon is near maximum 
declination and the diurnal effect is most pronounced. This datum is not in common 
use as a tidal reference. Indian spring low water (ISLW) sometimes called Indian tide 
plane or harmonic tide plane, is a low datum that includes the spring effect of the semi- 
diurnal portion of the tide and the tropic effect of the diurnal portion. It is about the 
level of lower low water of mixed tides at the time that the moon’s maximum declination 
coincides with the time of new or full moon. Mean lower low water springs is the aver- 
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age level of the lower of the two low waters on the days of spring tides. Some still 
lower datums used on charts are determined from tide observations and some are 
determined arbitrarily and later referred to the tide. Most of them fall close to one or 
the other of the following two datums. Lowest normal low water is a datum that 
approximates the average height of monthly lowest low waters, discarding any tides 
disturbed by storms. Lowest low water is an extremely low datum. It conforms 
generally to the lowest tide observed, or even somewhat lower. Once a tidal 
datum is established, it is generally retained for an indefinite period, even though it 
might differ slightly from a better determination from later observations. When this 
occurs, the established datum may be called low water datum, lower low water datum, etc. 

In some areas where there is little or no tide, such as the Baltic Sea, mean sea 
level (MSL) is used as chart datum. This is the average height of the surface of the 
sea for all stages of the tide over a 19-year period. This may differ slightly from 
half-tide level, which is the level midway between mean high water and mean low water. 

Inconsistencies of terminology are found among charts of different countries 
and between charts issued at different times. For example, the spring effect as defined 
here is a feature of only the semidiurnal tide, yet it is sometimes used synonymously 
with tropic effect to refer to times of increased range of a diurnal tide. Such incon- 
sistencies are being reduced through increased international cooperation. 

Large-scale charts usually specify the datum of soundings and may contain a 
tide note giving mean heights of the tide at one or more places on the chart. These 
heights are intended merely as a rough guide to the change in depth to be expected 
under the specified conditions. They should not be used for the prediction of heights 
on any particular day. Such predictions should be obtained from tide tables (arts. 
921-924). The tidal datums used in various areas are listed in appendix M. 

3112. High water datums.—Heights of land features are usually referred on nautical 
charts to a high water datum. The one used on charts of the United States, its ter- 
ritories, and possessions, and widely used elsewhere, is mean high water (MHW), 
which is the average height of all high waters over a 19-year period. Any other high 
water datum in use on charts is likely to be higher than this. Other high water datums 
are mean high water springs (MHWS), which is the average level of the high waters 
that occur at the time of spring tides; mean higher high water (MHHW), which is the 
average height of the higher high waters of each day; and tropic higher high water 
(TcHHW), which is the average height of the higher high waters (or the single daily 
high waters if the tide becomes diurnal) that occur when the moon is near maximum 
declination and the diurnal effect is most pronounced. A reference merely to “high 
water” leaves some doubt as to the specific level referred to, for the height of high water 
varies from day to day. Where the range is large, the variation during a two-week 
period may be considerable. 

3113. Observations and predictions.—Since the tide at different places responds 
differently to the tide-producing forces, the nature of the tide at any place can be 
determined most accurately by actual observation. The predictions in tide tables 
and the tidal data on nautical charts are based upon such observations. 

Tides are usually observed by means of a continuously recording gage. A year 
of observations is the minimum length desirable for determining the harmonic constants 
used in prediction. For establishing mean sea level and the long-time changes in the 
relative elevations of land and sea, as well as for other special uses, observations have 
been made over periods of 20, 30, and even 50 years at important locations. Observa- 
tions for a month or less will establish the type of tide and suffice for comparison with a 
longer series of a similar type to determine tidal differences and constants. 
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Mathematically, the variations in the lunar and solar tide-producing forces, such 
as those due to changing phase, distance, and declination, are considered as separate 
constituent forces, and the harmonic analysis of observations reveals the response of 
each constituent of the tide to its corresponding force. At any one place this response 
remains constant and is shown for each constituent by harmonic constants which are 
in the form of a phase angle for the time relation and an amplitude for the height. 
Harmonic constants are used in making technical studies of the tide and predictions on 
the tide predicting machine. Most published tide predictions are made by machine. 

3114. Tide tables are published annually by most of the maritime nations of the 
world. They consist primarily of two parts. One contains predictions of the time and 
height of each high and low water for every day of the year for many important ports 
called reference stations. The other part contains tidal differences for thousands of 
other places, called subordinate stations, and specifies the reference station to which 
the differences are to be applied in order to obtain time and height of tide for any day 
at the subordinate station. The type of tide at a subordinate station is the same as 
at its reference station. The use of tide tables is explained in articles 921-924. 

3115. Meteorological effects.—The foregoing discussion of tide behavior assumes 
normal weather conditions. The level of the sea is affected by wind and atmospheric 
pressure. In general, onshore winds raise the level and offshore winds lower it, but the 
amount of change varies at different places. During periods of low atmospheric 
pressure, the water level tends to be higher than normal. For a stationary low, the 
increase in elevation can be found by the formula 


»=0.0325 (1010—P), 


in which R, is the increase in elevation in feet, and P is the atmospheric pressure in 
millibars. This is equal approximately to one centimeter per millibar depression, or 
one foot (13.6 inches) per inch depression. For a moving low, the increase in elevation 
is given by the formula 


in which R is the increase in elevation in feet, Ro is the increase in feet for a stationary 
low, C is the rate of motion of the low in feet per second, g is the acceleration due to 
gravity (32.2 feet per second per second), and h is the depth of water in feet. 
Where the range of tide is very small, the meteorological effect may sometimes be 
greater than the normal tide. 
Tidal Current 


3116. Tidal and nontidal currents.—Horizontal movement of the water is current. 
It may beclassified as “tidal” and “nontidal.’”’ Tidal current is the periodic horizontal flow 
of water accompanying the rise and fall of the tide, and results from the same cause. 
Nontidal current is any current not due to the tidal movement. Nontidal currents in- 
clude the permanent currents in the general circulatory system of the oceans as well 
as temporary currents arising from meteorological conditions. The current experienced 
at any time is usually a combination of tidal and nontidal currents. 

In navigation, the effect of the tidal current is often of more importance than the 
changing depth due to the tide, and many mariners speak of ‘the tide,’’ when they 
have in mind the flow of the tidal current. 

3117. General features.—Offshore, where the direction of flow is not restricted 
by any barriers, the tidal current is rotary; that is, it flows continuously, with the direc- 
tion changing through all points of the compass during the tidal period. The tendency 
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rent. Times are hours before and In rivers or straits, or where the direction of flow 
after high and low tide at Nan- is more or less restricted to certain channels, the tidal 
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bearing and length of each arrow Current is reversing; that is, it flows alternately in 
represents the hourly direction and approximately opposite directions with an instant or 
Sibad Aires eee short period of little or no current, called slack 

water, at each reversal of the current. During the 

flow in each direction, the speed varies from zero at the time of slack water to a 
maximum, called strength of flood or ebb, about midway between the slacks. Re- 
versing currents can be indicated graphically, as in figure 3117b, by arrows that 
represent the speed of the current at each hour. The flood is usually depicted above 
the slack water line and the ebb below it. The tidal current curve formed by the ends of 
the arrows has the same characteristic sine form as the tide curve. (In illustrations 
for certain purposes, as in figures 3118b and 3120b, it is convenient to omit the arrows 
and show only the curve.) 

A slight departure from the sine form is exhibited by the reversing current in a 
strait, such as East River, New York, that connects two tidal bodies of water. The 
tides at the two ends of a strait are seldom in phase or equal in range, and the current, 
called hydraulic current, is generated largely by the continuously changing difference 
in height of water at the two ends. The speed of a hydraulic current varies nearly 
as the square root of the difference in height. The speed reaches a maximum more 
quickly and remains at strength for a longer period than shown in figure 3117b, and 
the period of weak current near the time of slack is considerably shortened. 

The current direction or set is the direction 
toward which the current flows. The speed is some- 
times called the drift. The term “velocity” is often 
used as the equivalent of “speed”? when referring to 
current, although strictly “velocity” implies direction 
as well as speed. The term “strength” is also used 
to refer to speed, but more often to greatest speed 
between consecutive slack waters. The movement 
toward shore or upstream is the flood, the move- 
ment away from shore or downstream is the ebb. 
In a purely semidiurnal type of current unaffected 
by nontidal flow, the flood and ebb each last about 
six hours and 13 minutes. But if there is either diur- 
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FIGURE 3117b.—Reversing tidal cur- 
rent. (Such graphs may show only 


nal inequality or nontidal : the curved pattern without the 
qd ie - : = flow, the durations of flood arrows, as in figures 3118b and 
and ebb may be quite unequal. 3120b.) See figure 3120b. 
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3118. Types of tidal current.—Tidal currents may be of the semidiurnal, diurnal, 
or mixed type; corresponding to a considerable degree to the type of tide at the place, 
but often with a stronger semidiurnal tendency. 

The tidal currents in tidal estuaries along the Atlantic coast of the United States 
are examples of the semidiurnal type of reversing current. At Mobile Bay entrance 
they are almost purely diurnal. At most places, 
however, the type is mixed to a greater or lesser 
degree. At Tampa and Galveston entrances there 
is only one flood and one ebb each day when the 
moon is near its maximum declination, and two 
floods and two ebbs each day when the moon is 
near the equator. Along the Pacific coast of the 
United States there are generally two floods and 
two ebbs every day, but one of the floods or ebbs 
has a greater speed and longer duration than the 
other, the inequality varying with the declination 
of the moon. The inequalities in the current often 
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FicurE 3118a.—Several types of revers- Figure 3118b.—Changes in a current of the mixed 
ing current. The pattern changes type. Note that each day as the inequality increases, 
gradually from day to day, particu- the morning slacks draw together in time until on the 
larly for mixed types, passing through 17th the morning flood disappears. On that day the 
cycles somewhat similar to that current ebbs throughout the morning. 


shown for tides in figure 3106. 


Islands. Figure 3118a shows several types of reversing current. Figure 3118b shows 
how the flood disappears as the diurnal inequality increases at one station. 

Offshore rotary currents that are purely semidiurnal repeat the elliptical pattern 
(fig. 3117a) each tidal cycle of 12 hours and 25 minutes. If there is considerable diurnal 
inequality, the plotted hourly current arrows describe a set of two ellipses of different 
sizes during a period of 24 hours and 50 minutes, as shown in figure 3118c, and the greater 
the diurnal inequality, the greater the difference between the sizes of the two ellipses. 
In a completely diurnal rotary current, the smaller ellipse disappears and only one 
ellipse is produced in 24 hours and 50 minutes. 
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$119. Variations and cycles.—Tidal 
currents have periods and cycles similar 
to those of the tides (art. 3109), and are 
subject to similar variations, but flood and 
ebb of the current do not necessarily occur 
at the same times as the rise and fall of 
LH the tide. The relationship is explained 
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month, and year with the variations in 
the range of tide. Thus, the stronger 
spring and perigean currents occur near 
the times of new and full moon and near 
the times of the moon’s perigee, or at times 
of spring and perigean tides (art. 3108); 
the weaker neap and apogean currents occur at the times of neap and apogean 
tides; tropic currents with increased diurnal speeds or with larger diurnal inequali- 
ties in speed occur at times of tropic tides; and equatorial currents with a minimum 
diurnal effect occur at times of equatorial tides; etc. 

As with the tide, a mean value represents an average obtained from a 19-year 
series. Since a series of current observations is usually limited to a day or two, and 
seldom covers more than a month or two, it is necessary to adjust the observed values, 
usually by comparison with tides at a nearby place, to obtain such a mean. 

3120. Effect of nontidal flow.—The current existing at any time is seldom purely 
tidal, but usually includes also a nontidal current that is due to drainage, oceanic circu- 
lation, wind, or other cause. The method in which tidal and nontidal currents combine 
is best explained graphically, as in figures 3120a and 3120b. The pattern of the tidal 
current remains unchanged, but the curve is shifted from the point or line from which the 
currents are measured in the direction of the nontidal —_NorTH 
current and by an amount equal to it. It is some- 
times more convenient graphically merely to move 
the line or point of origin in the opposite direction. 

Thus, the speed of the current flowing in the 
direction of the nontidal current is increased by an 
amount equal to the magnitude of the nontidal cur- 
rent, and the speed of the current flowing in the op- 
posite direction is decreased by an equal amount. 
In figure 3120a a nontidal current is represented 
both in direction and speed by the vector AQ. Since 
this is greater than the speed of the tidal current 
in the opposite direction, the point A is outside the 
ellipse. The direction and speed of the combined 
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Figure 3118c.—Rotary tidal current with di- 
urnal inequality. Times are in hours referred 
to tides (higher high, lower low, lower high, and 
higher low) at Swiftsure Bank. 
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Figure 3120a.—Effect of nontidal 


tidal and nontidal currents at any time is represented 
by a vector from A to that point on the curve repre- 
senting the given time, and can be scaled from the 
graph. The strongest and weakest currents May no 
longer be in the directions of the maximum and min- 
imum of the tidal current. In a reversing current 
(fig. 3120b), the effect is to advance the time of one 
slack and to retard the following one. If the speed of 


current on the rotary tidal current 
of figure 3117a. If the nontidal 
current is northwest at 0.3 knot, it 
may be represented by BO, and all 
hourly directions and speeds will 
then be measured from B. If it is 
1.0 knot, it will be represented by 
AO and the actual resultant hourly 
directions and speeds will be meas- 
ured from A, as shown by the 
arrows. 
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the nontidal current exceeds that of the reversing 
tidal current, the resultant current flows continu- 
ously in one direction without coming to a slack. In 
this case, the speed varies from a maximum to a min- 
imum and back to a maximum in each tidal cycle. 
In figure 3120b the horizontal line A represents slack 
water if only tidal currents are present. Line B 
represents the effect of a 0.5-knot nontidal ebb, and 
line C the effect of a 1.0-knot nontidal ebb. With 
the condition shown at C there is only one flood each 
tidal day. If the nontidal ebb were to increase to 
approximately two knots, there would be no flood, 
two maximum ebbs and two minimum ebbs occur- 
ring during a tidal day. 

3121. Relation between time of tidal current 
and time of tide—At many places where current 
and tide are both semidiurnal, there is a definite re- 
lation between times of current and times of high 
and low water in the locality. Current atlases and 
notes on nautical charts often make use of this rela- 
tionship by presenting for particular locations the 
direction and speed of the current at each succeeding 
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Figure 3120b.—FEffect of nontidal 


current on the reversing tidal 
current of figure 3117b. If the 
nontidal current is 0.5 knot in the 
ebb direction, the ebb is increased 
by moving the slack water line 
from position A up 0.5 knot to 
position B. Speeds will then be 
measured from this broken line as 
shown by the scale on the right, 
and times of slack are changed. 
If the nontidal current is 1.0 knot 
in the ebb direction, as shown by 
line C, the speeds are as shown on 
the left, and the current will not 
reverse to a flood in the afternoon; 
it will merely slacken at about 


hour after high and low water at a place for which 1500. 
tide predictions are available. 

In localities where there is considerable diurnal inequality in tide or current, or 
where the type of current differs from the type of tide, the relationship is not constant, 
and it may be hazardous to try to predict the times of current from times of tide. 
Note the current curve for Unimak Pass in the Aleutians in figure 3118a. It shows 
the current as predicted in the tidal current tables. Predictions of high and low waters 
in the tide tables might have led one to expect the current to change from flood to ebb 
in the late morning, whereas actually the current continued to run flood with some 
strength at that time. 

Since the relationship between times of tidal current and tide is not everywhere 
the same, and may be variable at the same place, one should exercise extreme caution 
in using general rules. The belief that slacks occur at local high and low tides and that 
the maximum flood and ebb occur when the tide is rising or falling most rapidly may be 
approximately true at the seaward entrance to, and in the upper reaches of, an inland 
tidal waterway. But generally this is not true in other parts of inland waterways. 
When an inland waterway is extensive or its entrance constricted, the slacks in some 
parts of the waterway often occur midway between the times of high and low tide. 
Usually in such waterways the relationship changes from place to place as one pro- 
gresses upstream, slack water getting progressively later with respect to the local tide 
until at the head of tidewater (the inland limit of water affected by a tide) the slacks 
occur at the times of high and low tide. 

3122. Relation between speed of current and range of tide.—The variation in 
the speed of the tidal current from place to place is not necessarily consistent with the 
range of tide. It may be the reverse. For example, currents are weak in the Gulf of 
Maine where the tides are large, and strong near Nantucket Island and in Nantucket 
Sound where the tides are small. 

At any one place, however, the speed of the current at strength of flood and 
ebb varies during the month in about the same proportion as the range of tide, and 
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one can use this relationship to determine the relative strength of currents on 
any day. . , 

3123. Variation across an estuary.—In inland tidal waterways the time of tidal 
current varies across the channel from shore to shore. On the average, the current 
turns earlier near shore than in midstream, where the speed is greater. Differences of 
half an hour to an hour are not uncommon, but the difference varies and the relationship 
may be nullified by the effect of nontidal flow. 

The speed of the current also varies across the channel, usually being greater in 
midstream or midchannel than near shore, but in a winding river or channel the 
strongest currents occur near the concave shore. Near the opposite (convex) shore 
the currents are weak or may eddy. 

3124. Variation with depth.—In tidal rivers the subsurface current acting on the 
lower portion of the hull may differ considerably from the surface current. An ap- 
preciable subsurface current may be present when the surface movement appears to be 
practically slack, and the subsurface current may even be flowing with appreciable 
speed in the opposite direction to the surface current. 

In a tidal estuary, particularly in the lower reaches where there is considerable 
difference in density from top to bottom, flood usually begins earlier near the bottom 
than at the surface. The differences may be an hour or two or as little as a few minutes, 
depending upon the estuary, the location in the estuary, and freshet conditions. Even 
when the fresh water runoff becomes so great as to prevent the surface current from 
flooding, it may still flood below the surface. The difference in time of ebb from 
surface to bottom is normally small but subject to variation with time and location. 

The ebb speed at strength usually decreases gradually from top to bottom, but 
the speed of flood at strength often is stronger at subsurface depths than at the surface. 

3125. Observations.—Observations of the current are made by means of a current 
meter or current pole and log line. In the past, most successful meters required a vessel 
and observers in continual attendance, as is necessary with the pole and line. Because 
of the difficulty and expense of such observations, they usually covered only a period 
of a day or two at a place. Observations of a month are the exception, and longer 
series were obtained only where ship and observers were available because of other 
duties, such as at lightships, where observations have been continued over a number of 
years. 

Newer meters have been and are being developed that are suspended from a buoy 
and that record either in the buoy or send speed and direction impulses by radio to a 
base station on ship or land. With them, the period of observation has been increased 
so that in some recent surveys of United States harbors, the minimum period of ob- 
servation was four days, with observations at several stations being continued over a 
period of 15 to 29 days. 

3126. Tidal current tables and other sources of information.—The navigator 
should not attempt to predict currents without specific information for the locality in 
which he is interested. Such information is contained in various forms in many navi- 
gational publications. 

Tidal current tables, issued annually, list daily predictions of the times and strengths 
of flood and ebb currents, and of the times of intervening slacks. Due to lack of 
observational data, coverage is considerably more limited than for the tides. The 
tidal current tables do include supplemental data by which tidal current predictions can 
be determined for many places in addition to those for which daily predictions 
are given. The predictions are made by the tide-predicting machine, using cur- 
rent harmonic constants that are obtained by analyzing current observations in 


the same manner as for tides (art. 3113). The use of tidal current tables is explained in 
articles 925-929. 
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Sailing directions and coast pilots issued by maritime nations include general 
descriptions of current behavior in various localities throughout the world. 

Tidal current charts. A number of important harbors and waterways are covered 
by sets of tidal current charts showing graphically the hourly current movement. 
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CHAPTER XXXII 
OCEAN CURRENTS 


3201. Introduction.—The movement of water comprising the oceans is one of the 
principal sources of discrepancy between dead reckoning and actual positions of vessels. 
Water in essentially horizontal motion is called a current, the direction toward which it 
moves being the set, and its speed the drift. A well-defined current extending over a 
considerable region of the ocean is called an ocean current. 

A periodic current is one the speed or direction of which changes cyclically at 
somewhat regular intervals, as a tidal current. A seasonal current is one which has 
large changes in speed or direction due to seasonal winds. A permanent current is one 
which experiences relatively little periodic or seasonal change. 

A coastal current flows roughly parallel to a coast, outside the surf zone, while a 
longshore current is one parallel to a shore, inside the surf zone, and generated by waves 
striking the beach at an angle. Any current some distance from the shore may be 
called an offshore current, and one close to the shore an inshore current. 

A surface current is one present at the surface, particularly one that does not ex- 
tend more than a relatively few feet below the surface. A subsurface current is one 
which is present below the surface only. 

There is evidence to indicate that the strongest ocean currents consist of relatively 
narrow, high-speed streams that follow winding, shifting courses. Often associated 
with these currents are secondary countercurrents flowing adjacent to them but in the 
opposite direction, and somewhat local, roughly circular, eddy currents. A relatively 
narrow, deep, fast-moving current is sometimes called a stream current, and a broad, 
shallow, slow-moving one a drift current. 

3202. Causes of ocean currents.—Although man’s knowledge of the processes 
which produce and maintain ocean currents is far from complete, he does have a 
general understanding of the principal factors involved. The primary generating force 
is wind, and the chief secondary force is the density differences in the water. In addi- 
tion, such factors as depth of water, underwater topography, shape of the basin in 
which the current is running, extent and location of land, and deflection by the rotation 
of the earth all affect the oceanic circulation. 

3203. Wind currents.—The stress of wind blowing across the sea causes the surface 
layer of water to move. This motion is transmitted to each succeeding layer below 
the surface, but due to internal friction within the water, the rate of motion decreases 
with depth. The current thus set up is called a wind current. Although there are 
many variables, it is generally true that a steady wind for about 12 hours is needed 
to establish such a current. 

A wind current does not flow in the direction of the wind, being deflected by 
Coriolis force (art. 1611), due to rotation of the earth. This deflection is toward the 
right in the northern hemisphere, and toward the left in the southern hemisphere. The 
Coriolis force is greater in higher latitudes, and is more effective in deep water. In gen- 
eral, the difference between wind direction and surface wind-current direction varies 
from about 15° along shallow coastal areas to a maximum of 45° in the deep oceans. 
The angle increases with depth. At several hundred fathoms the current may flow in 
the opposite direction to the surface current. 
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The speed of the current depends upon the speed of the wind, its constancy, the 
length of time it has blown, and other factors. In general, however, about two percent 
of the wind speed, or a little less, is a good average for deep water where the wind 
has been blowing steadily for at least 12 hours. 

3204. Currents related to density differences.—As indicated in article 3009, the 
density of water varies with salinity, temperature, and pressure. At any given depth, 
the differences in density are due to differences in temperature and salinity. When 
suitable information is available, a map showing geographical density distribution at 
a certain depth could be drawn, with lines connecting points of equal density. These 
isopycnic lines, or lines connecting points at which a given density occurs at the same 
depth, would be similar to isobars on a weather map (art. 3827), and would serve 
an analogous purpose, showing areas of high density and those of low density. In 
an area of high density, the water surface is lower than in an area of low density, the max- 
imum difference in height being of the order of one to two feet in 40 miles. Because 
of this difference, water tends to flow from an area of higher water (low density) to 
one of lower water (high density), but due to rotation of the earth, it is deflected 
toward the right in the northern hemisphere, and toward the left in the southern 
hemisphere. Thus, a circulation is set up similar to the cyclonic and anticyclonic 
circulation in the atmosphere. The greater the density gradient (rate of change with 
distance), the faster the related current. 

3205. Oceanic circulation—A number of ocean currents flow with great persist- 
ence, setting up a circulation that continues with relatively little change throughout 
the year. Because of the influence of wind in creating current (art. 3203), there is a 
relationship between this oceanic circulation and the general circulation of the atmos- 
phere (art. 3804). The oceanic circulation is shown in figure 3205, with the names of 
the major ocean currents. Some differences in opinion exist regarding the names and 
limits of some of the currents, but those shown are representative. The spacing of 
the lines is a general indication of speed, but conditions vary somewhat with the 
season. This is particularly noticeable in the Indian Ocean and along the South 
China coast, where currents are influenced to a marked degree by the monsoons (art. 
3810). 

3206. Atlantic Ocean currents.—The trade winds (art. 3806), which blow with 
great persistence, set up a system of equatorial currents which at times extends over 
as much as 50° of latitude, or even more. There are two westerly flowing currents 
conforming generally with the areas of trade winds, separated by a weaker, easterly 
flowing countercurrent. 

The north equatorial current originates to the northward of the Cape Verde Islands 
and flows almost due west at an average speed of about 0.7 knot. 

The south equatorial current is more extensive. It starts off the west coast of 
Africa, south of the Gulf of Guinea, and flows in a generally westerly direction at an 
average speed of about 0.6 knot. However, the speed gradually increases until it may 
reach a value of 2.5 knots or more off the east coast of South America. As the current 
approaches Cabo de Sao Roque, the eastern extremity of South America, it divides, the 
southern part curving toward the south along the coast of Brazil, and the northern 
part being deflected by the continent of South America toward the north. 

Between the north and south equatorial currents a weaker equatorial counter- 
current sets toward the east in the general vicinity of the doldrums (art. 3805). This 
is fed by water from the two westerly flowing equatorial currents, particularly the 
south equatorial current. The extent and strength of the equatorial countercurrent 
changes with the seasonal variations of the wind. It reaches a maximum during July 
and August, when it extends from about 50° west longitude to the Gulf of Guinea. 
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During its minimum, in December and January, it is of very limited extent, the western 
portion disappearing altogether. 

That part of the south equatorial current flowing along the northern coast of 
South America which does not feed the equatorial countercurrent unites with the north 
equatorial current at a point west of the equatorial countercurrent. A large part of 
the combined current flows through various passages between the Windward Islands, 
into the Caribbean Sea. It sets toward the west, and then somewhat north of west, 
finally arriving off the Yucatan peninsula. From here, some of the water curves 
toward the right, flowing some distance off the shore of the Gulf of Mexico, and part 
of it curves more sharply toward the east and flows directly toward the north coast 
of Cuba. These two parts reunite in the Straits of Florida to form the most remarkable 
of all ocean currents, the Gulf Stream. Off the southeast coast of Florida this current 
is augmented by a current flowing along the northern coasts of Puerto Rico, Hispaniola, 
and Cuba. Another current flowing eastward of the Bahamas joins the stream north 
of these islands. 

The Gulf Stream follows generally along the east coast of North America, flowing 
around Florida, northward and then northeastward toward Cape Hatteras, and then 
curving toward the east and becoming broader and slower. After passing the Grand 
Banks, it turns more toward the north and becomes a broad drift current flowing across 
the North Atlantic. That part in the Straits of Florida is sometimes called the Florida 
current. 

A tremendous volume of water flows northward in the Gulf Stream. It can be 
distinguished by its deep indigo-blue color, which contrasts sharply with the dull 
green of the surrounding water. It is accompanied by frequent squalls. When the 
Gulf Stream encounters the cold water of the Labrador current, principally in the 
vicinity of the Grand Banks, there is little mixing of the waters. Instead, the junction 
is marked by a sharp change in temperature. The line or surface along which this 
occurs is called the cold wall. When the warm Gulf Stream water encounters cold air, 
evaporation is so rapid that the rising vapor may be visible as frost smoke (art. 3815). 
The stream carries large quantities of gulfweed from the tropics to higher latitudes. 

Recent investigations have shown that the current itself is much narrower and 
faster than previously supposed, and considerably more variable in its position and 
speed. The maximum current off Florida ranges from about two to four knots. To 
the northward the speed is generally less, and decreases further after the current passes 
Cape Hatteras. As the stream meanders and shifts position, eddies sometimes break 
off and continue as separate, circular flows until they dissipate. Boats in the Bermuda 
Race have been known to be within sight of each other and be carried in opposite 
directions by different parts of the same current. As the current shifts position, its 
extent does not always coincide with the area of warm, blue water. When the sea is 
relatively smooth, the edges of the current are marked by ripples. 

Information is not yet available to permit prediction of the position and speed of 
the current at any future time, but it has been found that tidal forces apparently 
influence the current, which reaches its daily maximum speed about three hours after 
transit of the moon. ‘The current generally is faster at the time of neap tides than at 
spring tides. When the moon is over the equator, the stream is narrower and faster 
than at maximum northerly or southerly declination. Variations in the trade winds 
(art. 3806) also affect the current. 

As the Gulf Stream continues eastward and northeastward beyond the Grand 
Banks, it gradually widens and decreases speed until it becomes a vast, slow-moving 
drift current known as the North Atlantic current, in the general vicinity of the pre- 
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vailing westerlies (art. 3808). In the eastern part of the Atlantic it divides into the 
northeast drift current and the southeast drift current. 

The northeast drift current continues in a generally northeasterly direction toward 
the Norwegian Sea. As it does so, it continues to widen and decrease speed. South 
of Iceland it branches to form the Irminger current and the Norway current. The 
Irminger current curves toward the north and northwest to join the East Greenland 
current southwest of Iceland. The Norway current continues in a northeasterly 
direction along the coast of Norway. Part of it, the North Cape current, rounds North 
Cape into the Barents Sea. The other part curves toward the north and becomes 
known as the Spitzbergen current. Before reaching Svalbard (Spitzbergen), it curves 
toward the west and joins the cold east Greenland current flowing southward in the 
Greenland Sea. As this current flows past Iceland, it is further augmented by the 
Irminger current. 

Off Kap Farvel, at the southern tip of Greenland, the east Greenland current 
curves sharply to the northwest, following the coast line. As it does so, it becomes 
known as the west Greenland current. This current continues along the west coast 
of Greenland, through Davis Strait, and into Baffin Bay. Both east and west Green- 
land currents are sometimes known by the single name Greenland current. 

In Baffin Bay the Greenland current follows generally the coast, curving west- 
ward off Kap York to form the southerly flowing Labrador current. This cold current 
flows southward off the coast of Baffin Island, through Davis Strait, along the coast 
of Labrador and Newfoundland, to the Grand Banks, carrying with it large quantities 
of ice (ch. XXXVI). Here it encounters the warm water of the Gulf Stream, creating 
the “cold wall.”” Some of the cold water flows southward along the east coast of 
North America, inshore of the Gulf Stream, as far as Cape Hatteras. The remainder 
curves toward the east and flows along the northern edge of the North Atlantic and 
northeast drift currents, gradually merging with them. 

The southeast drift current curves toward the east, southeast, and then south 
as it is deflected by the coast of Europe. It flows past the Bay of Biscay, toward 
southeastern Europe and the Canary Islands, where it continues as the Canary current. 
In the vicinity of the Cape Verde Islands, this current divides, part of it curving toward 
the west to help form the north equatorial current, and part of it curving toward the 
east to follow the coast of Africa into the Gulf of Guinea, where it is known as the 
Guinea current. This current is augmented by the equatorial countercurrent and, in 
summer, it is strengthened by monsoon winds. It flows in close proximity to the 
south equatorial current, but in the opposite direction. As it curves toward the south, 
still following the African coast, it merges with the south equatorial current. 

The clockwise circulation of the North Atlantic leaves a large central area having 
no well-defined currents. This area is known as the Sargasso Sea, from the large 
quantities of sargasso or gulfweed encountered there. 

That branch of the south equatorial current which curves toward the south off 
the east coast of South America follows the coast as the warm, highly-saline Brazil 
current, which in some respects resembles the Gulf Stream. Off Uruguay, it encounters 
the colder, less-salty Falkland current and the two curve toward the east to form the 
broad, slow-moving South Atlantic current, in the general vicinity of the prevailing 
westerlies (art. 3808). This current flows eastward to a point west of the Cape of 
Good Hope, where it curves northward to follow the west coast of Africa as the strong 
Benguela current, augmented somewhat by part of the Agulhas current flowing around 
the southern part of Africa from the Indian Ocean. As it continues northward, the 
current gradually widens and slows. At a point east of St. Helena Island it curves 
westward to continue as part of the south equatorial current, thus completing the 
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counterclockwise circulation of the South Atlantic. The Benguela current is augmented 
somewhat by the west wind drift, a current which flows easterly around Antarctica. 
As the west wind drift flows past Cape Horn, that part in the immediate vicinity 
of the cape is called the Cape Horn current. This current rounds the cape and flows 
in a northerly and northeasterly direction along the coast of South America as the 
Falkland current. 

3207. Pacific Ocean currents follow the general pattern of those in the Atlantic. 
The north equatorial current flows westward in the general area of the northeast 
trades, and the south equatorial current follows a similar path in the region of the 
southeast trades. Between these two, the weaker equatorial countercurrent sets 
toward the east, just north of the equator. 

After passing the Mariana Islands, the major part of the north equatorial current 
curves somewhat toward the northwest, past the Philippines and Formosa. Here it is 
deflected further toward the north, where it becomes known as the Kuroshio, and then 
toward the northeast past the Nansei Shoto and Japan, and on in a more easterly 
direction. Part of the Kuroshio, called the Tsushima current, flows through Tsushima 
Strait, between Japan and Korea, and the Sea of Japan, following generally the north- 
west coast of Japan. North of Japan it curves eastward and then southeastward to 
rejoin the main part of the Kuroshio. The limits and volume of the Kuroshio are in- 
fluenced by the monsoons (art. 3810), being augmented during the season of southwest- 
erly winds, and diminished when the northeasterly winds are prevalent. 

The Kuroshio (Japanese for ‘Black Stream”) is so named because of the dark 
color of its water. It is sometimes called the Japan Stream. In many respects it is 
similar to the Gulf Stream of the Atlantic. Like that current, it carries large quantities 
of warm tropical water to higher latitudes, and then curves toward the east as a major 
part of the general clockwise circulation in the northern hemisphere. As it does so, 
it widens and slows. A small part of it curves to the right to form a weak clockwise 
circulation west of the Hawaiian Islands. The major portion continues on between 
the Aleutians and the Hawaiian Islands, where it becomes known as the North Pacific 
current. 

As this current approaches the North American continent, most of it is deflected 
toward the right to form a clockwise circulation between the west coast of North 
America and the Hawaiian Islands. This part of the current has become so broad that 
the circulation is generally weak. A small part near the coast, however, joins the 
southern branch of the Aleutian current, and flows southeastward as the California 
current. The average speed of this current is about 0.8 knot. It is strongest near 
land. Near the southern end of Baja (Lower) California, this current curves sharply 
to the west and broadens to form the major portion of the north equatorial current. 

During the winter, a weak countercurrent flows northwestward along the west 
coast of North America from Southern California to Vancouver Island, inshore of the 
southeasterly flowing California current. This is called the Davidson current. 

Off the west coast of Mexico, south of Baja California, the current flows south- 
eastward, as a continuation of part of the California current, during the winter. During 
the summer, the current in this area is northwestward, as a continuation of the equatorial 
countercurrent, before it turns westward to help form the north equatorial current. 

As in the Atlantic, there is in the Pacific a counterclockwise circulation to the 
north of the clockwise circulation. Cold water flowing southward through the western 
part of Bering Strait between Alaska and Siberia is joined by water circulating counter- 
clockwise in the Bering Sea to form the Oyashio. As the current leaves the strait, it 
curves toward the right and flows southwesterly along the coast of Siberia and the 
Kuril Islands. This current brings quantities of sea ice, but no icebergs. When it 
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encounters the Kuroshio, the Oyashio curves southward and then eastward, the 
greater portion joining the Kuroshio and North Pacific current. The northern portion 
continues eastward to join the curving Aleutian current. 

As this current approaches the west coast of North America, west of Vancouver 
Island, part of it curves toward the right and is joined by water from the North Pacific 
current, to form the California current. The northern branch of the Aleutian current 
curves in a counterclockwise direction to form the Alaska current, which generally 
follows the coast of Canada and Alaska. When it arrives off the Aleutian Islands, it 
becomes known as the Aleutian current. Part of it flows along the southern side of 
these islands to about the 180th meridian, where it curves in a counterclockwise 
direction and becomes an easterly flowing current, being augmented by the northern 
part of the Oyashio. The other part of the Aleutian current flows through various 
openings between the Aleutian Islands, into the Bering Sea. Here it flows in a general 
counterclockwise direction, most of it finally joining the southerly flowing Oyashio, 
and a small part of it flowing northward through the eastern side of the Bering Strait, 
into the Arctic Ocean. 

The south equatorial current, extending in width between about 4° N latitude and 
10°S, flows westward from South America to the western Pacific. After this current 
crosses the 180th meridian, the major part curves in a counterclockwise direction, 
entering the Coral Sea, and then curving more sharply toward the south along the 
east coast of Australia, where it is known as the east Australia current. In the Tasman 
Sea, northeast of Tasmania, it is augmented by water from the west wind drift, flowing 
eastward south of Australia. It curves toward the southeast and then the east, grad- 
ually merging with the easterly flowing west wind drift, a broad, slow-moving current 
that circles Antarctica. 

Near the southern extremity of South America, most of this current flows east- 
ward into the Atlantic, but part of it curves toward the left and flows generally north- 
ward along the west coast of South America as the Peru current. Occasionally a set 
directly toward land is encountered. At about Cabo Blanco, where the coast falls 
away to the right, the current curves toward the left, past the Galapagos Islands, where 
it takes a westerly set and constitutes the major portion of the south equatorial current, 
thus completing the counterclockwise circulation of the South Pacific. 

During the northern hemisphere summer, a weak northern branch of the south 
equatorial current, known as the Rossel current, continues on toward the west and 
northwest along both the southern and northeastern coasts of New Guinea. The 
southern part flows through Torres Strait, between New Guinea and Australia, into 
the Arafura Sea. Here, it gradually loses its identity, part of it flowing on toward the 
west as part of the south equatorial current of the Indian Ocean, and part of it fol- 
lowing the coast of Australia and finally joining the easterly flowing west wind 
drift. The northern part of the Rossel current curves in a clockwise direction to 
help form the Pacific equatorial countercurrent. During the northern hemisphere 
winter, the Rossel current is replaced by an easterly flowing current from the Indian 
Ocean. 

3208. Indian Ocean currents follow generally the pattern of the Atlantic and Pacific, 
but with differences caused principally by the monsoons (art. 3810) and the more 
limited extent of water in the northern hemisphere. During the northern hemisphere 
winter, the north equatorial current and south equatorial current flow toward the west, 
with the weaker, easterly flowing equatorial countercurrent flowing between them, as 
in the Atlantic and Pacific (but somewhat south of the equator). But during the 
northern hemisphere summer, both the north equatorial current and the equatorial 


OCEAN CURRENTS 725 


countercurrent are replaced by the monsoon current, which flows eastward and south- 
eastward across the Arabian Sea and the Bay of Bengal. Near Sumatra, this current 
curves in a clockwise direction and flows westward, augmenting the south equatorial 
current and setting up a clockwise circulation in the northern part of the Indian Ocean. 

As the south equatorial current approaches the coast of Africa, it curves toward 
the southwest, part of it flowing through the Mozambique Channel between Madagascar 
and the mainland, and part flowing along the east coast of Madagascar. At the 
southern end of this island the two join to form the strong Agulhas current, which is 
analogous to the Gulf Stream. 

A small part of the Agulhas current rounds the southern end of Africa and helps 
form the Benguela current. The major portion, however, curves sharply southward 
and then eastward to join the west wind drift. This junction is often marked by a 
broken and confused sea. During the northern hemisphere winter the northern 
part of this current curves in a counterclockwise direction to form the west Australia 
current, which flows northward along the west coast of Australia. As it passes North- 
west Cape, it curves northwestward to help form the south equatorial current. During 
the northern hemisphere summer, the west Australia current is replaced by a weak 
current flowing around the western part of Australia as an extension of the southern 
branch of the Rossel current. 

3209. Polar currents.—The waters of the North Atlantic enter the Arctic Ocean 
between Norway and Svalbard. The currents flow easterly north of Siberia to the 
region of the Novosibirskiye Ostrova, where they turn northerly across the north pole 
and continue down the Greenland coast to form the east Greenland current. On the 
American side of the arctic basin, there is a weak, continuous clockwise flow centered 
in the vicinity of 80°N, 150°W. A current north through Bering Strait along the 
American coast is balanced by an outward southerly flow along the Siberian coast, 
which eventually becomes part of the Oyashio. Each of the main islands or island 
groups in the arctic, as far as is known, seems to have a clockwise nearshore circulation 
around it. The Barents Sea, Kara Sea, and Laptev Sea each have a weak counter- 
clockwise circulation. A similar but weaker counterclockwise current system appears 
to exist in the East Siberian Sea. 

In the antarctic, the circulation is generally from west to east in a broad, slow- 
moving current extending completely around Antarctica. This is called the west wind 
drift, although it is formed partly by the strong westerly wind in this area and partly 
by density differences. This current is augmented by the Brazil and Falkland cur- 
rents in the Atlantic, the east Australia current in the Pacific, and the Agulhas cur- 
rent in the Indian Ocean. In return, part of it curves northward to form the Cape Horn, 
Falkland, and most of the Benguela currents in the Atlantic, the Peru current in the 
Pacific, and west Australia current in the Indian Ocean. 

3210. Ocean currents and climate.—Many of the ocean currents exert a marked 
influence upon the climate of the coastal regions along which they flow. Thus, warm 
water from the Gulf Stream, continuing as the North Atlantic, northeast drift, and 
Irminger currents, arrives off the southwest coast of Iceland, warming it to the extent 
that Reykjavik has a higher average winter temperature than New York City, far to the 
south. Great Britain and Labrador are at about the same latitude, but the climate of 
Great Britain is much milder because of the difference of temperature of currents. The 
West Coast of the United States is cooled in the summer by the California current, and 
warmed in the winter by the Davidson current. Asa result of this condition, partly, 
the range of monthly average temperature is comparatively small. 

Currents exercise other influences besides those on temperature. The pressure 
pattern is affected materially, as air over a cold current contracts as it is cooled, and 
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that over a warm current expands. As air cools above a cold ocean current, fog is 
likely to form. Frost smoke (art. 3815) is most prevalent over a warm current which 
flows into a colder region. Evaporation is greater from warm water than from cold 
water. 

In these and other ways, the climate of the earth is closely associated with the 
ocean currents, although other factors, such as topography and prevailing winds, are 
also important. 


References 


Stream Drift Chart of the World—January. U.S. Navy Hydrographic Office Pilot 
Charts (various editions). 

Stream Drift Chart of the World—July. U.S. Navy Hydrographic Office Pilot Charts 
(various editions). 

Sverdrup, H. U., Johnson, M. W., and Fleming, R. H. The Oceans, Their Physics, 
Chemistry and General Biology. New York, Prentice-Hall, 1942. 


CHAPTER XXXII 
OCEAN WAVES 


3301. Introduction.—Undulations of the surface of the water, called waves, are 
perhaps the most widely observed phenomenon at sea, and possibly the least under- 
stood by the average seaman. The mariner equipped with a knowledge of the basic 
facts concerning waves is able to use them to his advantage, and either avoid hazardous 
conditions or operate with a minimum of danger if such conditions cannot be avoided. 

3302. Causes of waves.—Waves on the surface of the sea are caused principally 
by wind, but other factors, such as submarine earthquakes, volcanic eruptions, and the 
tide, also cause waves. If a breeze of less than two knots starts to blow across smooth 
water, small wavelets called ripples form almost instantaneously. When the breeze 
dies, the ripples disappear as suddenly as they formed, the level surface being restored 
by surface tension of the water. If the wind speed exceeds two knots, more stable 
gravity waves gradually form, and progress with the wind. 

While the generating wind blows, the resulting waves may be referred to as sea. 
When the wind stops or changes direction, the waves that continue on without relation 
to local winds are called swell. 

Unlike wind and current, waves are not deflected appreciably by the rotation of 
the earth, but move in the direction in which the generating wind blows. When this 
wind ceases, friction and spreading cause the waves to be reduced in height, or at- 
tenuated, as they move across the surface. However, the reduction takes place so 
slowly that swell continues until it reaches some obstruction, such as a shore. 

When sufficient data on wind conditions are available, the swell and state of the 
sea a day or more in advance can be predicted. Such forecasts have been found 
useful in wartime offshore unloading operations. The U.S. Navy Hydrographic Office 
forecasts sea and swell conditions. 

3303. Wave characteristics.—Ocean waves are very nearly in the shape of an 
inverted cycloid, the figure formed by a point inside the rim of a wheel rolling along 
a level surface. This shape is shown in figure 3303a. The highest parts of waves are 
called crests, and the interven- 


ing lowest parts, troughs. Since $$ . ——____+ 

the crests are steeper and nar- w A sti“ WATER LEVEL =~ ™S H 
rower than the troughs, the 

mean or still water level is a Ficure 3303a.—A typical sea wave. 


little lower than halfway be- 

tween the crests and troughs. The vertical distance between trough and crest is 
called wave height, labeled H in figure 3303a. The horizontal distance between 
successive crests, measured in the direction of travel, is called wave length, labeled L. 
The time interval between passage of successive crests at a stationary point is called 
wave period (P). Wave height, length, and period depend upon a number of factors, such 
as the wind speed, the length of time it has blown, and its fetch (the straight distance 
it has traveled over the surface). Table 3303 indicates the relationship between wind 
speed, fetch, length of time the wind blows, wave height, and wave period in deep 
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If the water is deeper than one-half the wave length (L), this length in feet is 
theoretically related to period (P) in seconds by the formula 


L=5.12P?. 


The actual value has been found to be a little less than this for swell, and about two- 
thirds the length determined by this formula for sea. When the waves leave the 
generating area and continue as free waves, the wave length and period continue to 
increase, while the height decreases. The rate of change gradually decreases. 

The speed (S) of a free wave in deep water is nearly independent of its height or 
steepness. For swell, its relationship in knots to the period (P) in seconds is given 
by the formula 

S=3.03P. 


The relationship for sea is not known. 

The theoretical relationship between speed, wave length, and period is shown in 
figure 3303b. Thus, as waves continue on beyond the generating area, the period, 
length, and speed all increase, providing some indication of the distance of the gener- 
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Ficure 3303b.—Relationship between speed, length, and period of waves in deep water, 
based upon the theoretical relationship between period and length. 


ating area. However, the time needed for a wave system to travel some distance is 
double that which would be indicated by the speed of individual waves. This is because 
the front wave gradually disappears and transfers its energy to succeeding waves. The 
process is followed by each front wave in succession, at such a rate that the wave 
system advances at a speed which is just half that of individual waves. This process 
can be seen in the bow wave of a vessel. The speed at which the wave system advances 
is called group velocity. 
Because of the existence of many independent wave systems at the same time, 
the sea surface acquires a complex and irregular pattern. Also, since the longer waves 
outrun the shorter ones, the resulting interference adds to the complexity of the pattern. 
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The process of interference, il- 
lustrated in figure 3303c, is du- 


plicated many times in the sea, 
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aA EAU AULA angle to each other, producing 
peak-like rises. 

Figyas B00. Taveripents The Nope Parad Aad Oe Mala) Favontacistgdera geet 
the same direction. The lower part of A shows the resulting heights, the mariner has a tend- 
CE nny ee. mean information is shown for short ency to neglect the lower ones 

It has been found that the 
reported value is about the average for the highest one-third. This is sometimes 
called the ‘significant’? wave height. The approximate relationship between this 
height and others, is as follows: 


Wave Relative height 
Average 0. 64 
Significant 1. 00 
Highest 10 percent 1. 29 
Highest 1. 87 


3304. Path of water particles in a wave.—As shown in figure 3304, a particle of 
water on the surface of the ocean follows a somewhat circular orbit as a wave passes, 
but moves very little in the direction of motion of the 


wave. The common wave producing this action is »_—_—_» 
called an oscillatory wave. As the crest passes, the S 
particle moves forward, giving the water the appear- Ne Ps 


ance of moving with the wave. As the trough passes, 
the motion is in the opposite direction. The radius of 
the circular orbit decreases with depth, approaching zero 
at a depth equal to about half the wave length. In 
shallower water the orbits become more elliptical, and in 
very shallow water, as at a beach, the vertical motion 
disappears almost completely. 

Since the speed is greater at the top of the orbit than 
at the bottom, the particle is not at exactly its original 
point following passage of a wave, but has moved slightly 


in the direction of motion of the wave. However, since Figure 3304.—Orbital motion 


this advance is small in relation to the vertical displace- and displacement, s, % a 

: : : . particle on the surface of deep 
ment, a floating object is raised and lowered by passage water during two wave pe- 
of a wave, but moved little from its original position. riods. 


If this were not so, a slow moving vessel might experi- 
ence considerable difficulty in making way against a wave train. In figure 3304 
the torward displacement is greatly exaggerated. 

3305. Effects of currents on waves.—A following current increases wave lengths 
and decreases wave heights. An opposing current has the opposite effect, decreasing 
the length and increasing the height. A strong opposing current may cause the waves 


| 
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to break. The extent of wave alteration is dependent upon the ratio of the still-water 
wave speed to the speed of the current. 

Moderate ocean currents running at oblique angles to wave directions appear to 
have little effect, but strong tidal currents perpendicular to a system of waves have 
been observed to completely destroy them in a short period of time. 

3306. The effect of ice on waves.—When ice crystals form in sea water, internal 
friction is greatly increased. This results in smoothing of the sea surface. The effect 
of pack ice is even more pronounced. A vessel following a lead through such ice may 
be in smooth water even when a gale is blowing and heavy seas are beating against the 
outer edge of the pack. Hail is also effective in flattening the sea, even in a high wind. 

3307. Waves and shallow water.—When a wave encounters shallow water, the 
movement of the individual particles of water is restricted by the bottom, resulting 
in reduced wave speed. If the wave approaches the shoal at an angle, each part is 
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Figure 3307.—Alteration of the characteristics of waves as they cross a shoal. 


slowed successively as the depth decreases. This causes a change in direction of motion 
or refraction, the wave tending to become parallel to the depth curves. The effect 
is similar to the refraction of light and other forms of radiant energy (art. 1613). 

As each wave slows, the next wave behind it, in deeper water, tends to catch up. 
As the wave length decreases, the height generally becomes greater. The lower part of 
a wave, being nearest the bottom, is slowed more than the top. This may cause the 
wave to become unstable, the faster-moving top falling or breaking. Such a wave is 
called a breaker, and a series of breakers, surf. This subject is covered in greater 
detail in chapter XXXIV. 

Swell passing over a shoal but not breaking undergoes a decrease in wave length 
and speed, and an increase in height. Such ground swell may cause heavy rolling if 
it is on the beam and its period is the same as the period of roll of a vessel, even though 
the sea may appear relatively calm. Figure 3307 illustrates the approximate alteration 
of the characteristics of waves as they cross a shoal. 

3308. Energy of waves.—The potential energy of a wave is related to the vertical 
distance of each particle from its still-water position, and therefore moves with the 
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wave. In contrast, the kinetic energy of a wave is related to the speed of the particles, 
being distributed evenly along the entire wave. 

The amount of kinetic energy in even a moderate wave is tremendous. A four- 
foot, ten-second wave striking a coast expends more than 35,000 horsepower per mile 
of beach. For each 56 miles of coast, the energy expended equals the power generated 
at Hoover Dam. An increase in temperature of the water in the relatively narrow 
surf zone in which this energy is expended would seem to be indicated, but no pro- 
nounced increase has been measured. Apparently, any heat that may be generated is 
dissipated to the deeper water beyond the surf zone. 

3309. Wave measurement aboard ship.—With suitable equipment and adequate 
training, one can make reasonably reliable measurements of the height, length, period, 
and speed of waves. However, the mariner’s estimates of height and length usually 
contain relatively large errors. There is a tendency to underestimate the heights of 
low waves, and overestimate the heights of high ones. There are numerous accounts 
of waves 75 to 80 feet high, or even higher, although waves more than 55 feet high are 
very rare. Wave length is usually underestimated. The motions of the vessel from 
which measurements are made perhaps contribute to such errors. 

Height. Measurement of wave height is particularly difficult. A microbarograph 
(art. 3705) can be used if the wave is long enough to permit the vessel to ride up and 
down with it. If the waves are approaching from dead ahead or dead astern, this 
requires a wave length at least twice the length of the vessel. For most accurate 
results the instrument should be placed at the center of roll and pitch, to minimize 
the effects of these motions. Wave height can often be estimated with reasonable 
accuracy by comparing it with freeboard of the vessel. This is less accurate as wave 
height and vessel motion increase. If a point of observation can be found at which the 
top of a wave is in line with the horizon when the observer is in the trough, the wave 
height is equal to height of eye. However, if the vessel is rolling or pitching, this height 
at the moment of observation may be difficult to determine. 

Length. The dimensions of the vessel can be used to determine wave length. 
Errors are introduced by perspective and disturbance of the wave pattern by the 
vessel. These errors are minimized if observations are made from maximum height. 
Best results are obtained if the sea is from dead ahead or dead astern. 

Period. If allowance is made for the motion of the vessel, wave period can be 
determined by measuring the interval between passages of wave crests past the ob- 
server. The correction for the motion of the vessel can be eliminated by timing the 
passage of successive wave crests past a patch of foam or a floating object at some 
distance from the vessel. Accuracy of results can be improved by averaging several 
observations. 

Speed can be determined by timing the passage of the wave between measured points 
along the side of the ship, if corrections are applied for the direction of travel of the 
wave and the speed of the ship. 

More detailed instructions on making wave observations are given in H.O. Pub. 
No. 606-e, Sea and Swell Observations, and H.O. Spec. Pub. 44, Visual Wave Observations. 

The length, period, and speed of waves in deep waters are interrelated by the 
relationships indicated in article 3303. However, these should be used as a general 
guide only, because exact mathematical relationships have not been established, as 
indicated. In the case of speed and period, there is evidence to indicate that for sea 
the relationship may be more nearly expressed by the formula L=SP than by that given 
in article 3303, although there is considerable doubt as to the exact relationship. There 


is no definite mathematical relationship between wave height and length, period, or 
speed. 
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3310. Tsunamis are ocean waves produced by sudden, large-scale motion of a por- 
tion of the ocean floor or the shore, as by volcanic eruption, earthquake (sometimes called 
seaquake if it occurs at sea), or landslide. If they are caused by a submarine earth- 
quake, they are usually called seismic sea waves. The point directly above the dis- 
turbance, at which the waves originate, is called the epicenter. Either a tsunami or a 
storm wave (art. 3311) that overflows the land is popularly called a tidal wave, although 
it bears no relation to the tide. 

If a volcanic eruption occurs below the surface of the sea, the escaping gases cause 
a quantity of water to be pushed upward in the shape of a dome or mound. The same 
effect is caused by the sudden rising of a portion of the bottom. As this water settles 
back, it creates a wave which travels at high speed across the surface of the ocean. 

Tsunamis usually occur in series, gradually increasing in height until a maximum 
is reached between about the third and eighth wave. Following the maximum, they 
again become smaller. Waves may continue to form for several hours, or even for days. 

In deep water the wave height of a tsunami is probably never greater than two or 
three feet. Since the wave length is usually considerably more than 100 miles, the 
wave is not conspicuous at sea. In the Pacific, where most tsunamis occur, the wave 
period varies between about 15 and 60 minutes, and the speed in deep water is more 
than 400 knots. The approximate speed can be computed by the formula 


S=0.6 ygd=3.4 vd, 


where S is the speed in knots, g is the acceleration due to gravity (32.2 feet per second 
per second), and d is the depth of water in feet. This formula is applicable to any 
wave in water having a depth of less than half the wave length. For most ocean waves 
it applies only in shallow water, because of the relatively short wave length. 

When a tsunami enters shoal water, it undergoes the same changes as other waves. 
The formula indicates that speed is proportional to depth of water. Because of the 
great speed of a tsunami when it is in relatively deep water, the slowing is relatively 
much greater than that of an ordinary wave crested by wind. Therefore, the increase 
in height is also much greater. Tsunamis 50 feet in height or higher have reached the 
shore, inflicting widespread damage. On April 1, 1946, seismic sea waves originating 
at an epicenter near the Aleutians spread over the entire Pacific. Scotch Cap Light 
on Unimak Island, 57 feet above sea level, was completely destroyed. Traveling at 
an average speed of 490 miles per hour, the waves reached the Hawaiian Islands in four 
hours and 34 minutes, where they arrived as waves 50 feet above the high water level, 
and flooded a strip of coast more than 1,000 feet wide at some places. They left a 
death toll of 173, and property damage of $25,000,000. Less destructive waves reached 
the shores of North and South America, and Australia, 6,700 miles from the epicenter. 

After this disaster, a tsunami warning system was set up in the Pacific, even though 
destructive waves are relatively rare (averaging about one in 20 years in the Hawaiian 
Islands). The system consists of three sections. First, a number of seismograph 
stations to provide information for establishing the time and epicenter of quakes. 
Second, a group of tide stations to report any evidence of a tsunami. These stations 
are alerted when a quake is recorded at the seismograph stations. Third, a communi- 
cation system which gives tsunami warnings high priority because of their speed and 
possible destructiveness. A travel time chart centered upon the Hawaiian Islands is 
used to estimate time of arrival of the waves. 

Fortunately, relatively few earthquakes produce seismic sea waves. The size of 
the waves that do form depends upon the nature and intensity of the disturbance. 
The height and destructiveness of the waves arriving at any place depend upon its 
distance from the epicenter, topography of the ocean floor, and the coast line itself. 


734 OCEAN WAVES 


The angle at which the wave arrives, the shape of the coast line, and the topography 
along the coast and offshore all have their effect. The position of the shore is also a 
factor, as it may be sheltered by intervening land, or be in a position where waves 
have a tendency to converge, either because of refraction or reflection, or both. 

In addition to seismic sea waves, earthquakes below the surface of the sea may 
produce a longitudinal wave that travels upward toward the surface, at the speed of 
sound. When a ship encounters such a wave, it is felt as a sudden shock which may 
be of such severity that the crew thinks the vessel has struck bottom. Because of 
such reports, some older charts indicated shoal areas at places where the depth is now 
known to be a thousand fathoms or more. 

3311. Storm waves.—In relatively tideless seas like the Baltic and Mediterranean, 
winds cause the chief fluctuations in sea level. Elsewhere, the astronomical tide 
usually masks these variations. However, under exceptional conditions, either 
severe extratropical storms or tropical cyclones can produce changes in sea level 
that exceed the normal range of tide. Low sea level is of little concern except to 
shipping, but a rise above ordinary high-water mark, particularly when it is accom- 
panied by high waves, can result in a catastrophe. 

Although, like tsunamis, these storm waves or storm surges are popularly called 
tidal waves, they are not associated with the tide. They consist of a single wave 
crest and hence have no period or wave length. 

Three effects in a storm induce a rise in sea level. The first is wind stress on the 
sea surface, which results in a piling-up of water (sometimes called ‘wind set-up”). 
The second effect is the convergence of wind-driven currents, which elevates the sea 
surface along the convergence line. In shallow water, bottom friction and the effects 
of local topography cause this elevation to persist and may even intensify it. The low 
atmospheric pressure that accompanies severe storms causes the third effect, which is 
sometimes referred to as the “inverted barometer.” An inch of mercury is equivalent 
to about 13.6 inches of water (art. 3115) and the adjustment of the sea surface to the 
reduced pressure can amount to several feet at equilibrium (art. 3911). 

All three of these causes act independently, and if they happen to occur simul- 
taneously, their effects are additive. In addition, the wave can be intensified or ampli- 
fied by the effects of local topography. Storm waves may reach heights of 20 feet or 
more, and it is estimated that they cause three-fourths of the deaths attributed to 
hurricanes. 

3312. Standing waves and microseisms.—Previous articles in this chapter have 
dealt with progressive waves which appear to move regularly with time. When two 
systems of progressive waves having the same period travel in opposite directions 
across the same area, a series of standing waves may form. These appear to remain 
stationary. Recent investigation has indicated that when this condition occurs, a 
pressure variation is exerted on the ocean bottom proportional to the product of the 
wave heights of the two wave systems. The period of these pressure variations is 
half that of the progressive waves. The magnitude and period of these variations are 
of the right order to cause a series of minute earth shocks of the magnitude of those 
recorded by very sensitive seismographs and known as microseisms. It is probable, 
therefore, that microseisms are generated by standing waves established in any manner, 
as by waves from independent sources, those in the wake of a moving circulation, 
waves at the center of a stationary circulation, or by reflection of waves striking a 
steep shore. 

Another type of standing wave, called a seiche (sash), sometimes occurs in a 
confined body of water. It is a long wave, usually having its crest at one end of the 
confined space, and its trough at the other. Its period may be anything from a few 
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minutes to an hour or more, but somewhat less than the tidal period. Seiches are 
usually attributed to strong winds or differences in atmospheric pressure. 

3313. Tide waves.—As indicated in chapter XX XI, there are, in general, two 
regions of high tide separated by two regions of low tide, and these regions move pro- 
gressively westward around the earth as the moon revolves in its orbit. The high tides 
are the crests of these tide waves, and the low tides are the troughs. The wave is not 
noticeable at sea, but becomes apparent along the coasts, particularly in funnel-shaped 
estuaries. In certain river mouths or estuaries of particular configuration, the incom- 
ing wave of high water overtakes the preceding low tide, resulting in a high-crested, 
roaring wave which progresses upstream in one mighty surge called a bore. 

3314. Internal waves.—Thus far, the discussion has been confined to waves on 
the surface of the sea, the boundary between air and water. Internal waves, or 
boundary waves, are created below the surface, at the boundaries between water 
strata of different densities. The density differences between adjacent water strata 
in the sea are considerably less than that between sea and air. Consequently, internal 
waves are much more easily formed than surface waves, and they are often much larger. 
The maximum height of wind waves on the surface is about 60 feet, but internal wave 
heights as great as 300 feet have been encountered. 

Internal waves are detected by a number of observations of the vertical temperature 
distribution, using recording devices such as the bathythermograph (art. 3007). They 
have periods as short as a few minutes, and as long as 12 or 24 hours, these greater 
periods being associated with the tides. 

A slow-moving ship operating in a fresh water layer having a depth approximating 
the draft of the vessel may produce short-period internal waves. This may occur off 
rivers emptying into the sea or in polar regions in the vicinity of melting ice. Under 
suitable conditions, the normal propulsion energy of the ship is expended in generating 
and maintaining these internal waves and the ship appears to “stick’’ in the water, 
becoming sluggish and making little headway. The phenomenon, known as dead 
water, disappears when speed is increased by a few knots. 

The full significance of internal waves has not been determined, but it is known 
that they may cause submarines to rise and fall like a ship at the surface, and they 
may also affect sound transmission in the sea. 

3315. Waves and ships.—The effects of waves on a ship vary considerably with 
the type ship, its course and speed, and the condition of the sea. A short vessel has a 
tendency to ride up one side of a wave and down the other side, while a larger vessel 
may tend to ride through the waves on an even keel. If the waves are of such length 
that the bow and stern of a vessel are alternately in successive crests and successive 
troughs, the vessel is subject to heavy sagging and hogging stresses, and under extreme 
conditions may break in two. A change of heading may reduce the danger. Because 
of the danger from sagging and hogging, a small vessel is sometimes better able to ride 
out a storm than a large one. 

If successive waves strike the side of a vessel at the same phase of successive rolls, 
relatively small waves can cause heavy rolling. The effect is similar to that of swinging 
a child, where the strength of the push is not as important as its timing. The same 
effect, if applied to the bow or stern in time with the pitch, can cause heavy pitching. 
A change of either heading or speed can reduce the effect. 

A wave having a length twice that of a ship places that ship in danger of falling 
off into the trough of the sea, particularly if it is a slow-moving vessel. The effect is 
especially pronounced if the sea is broad on the bow or broad on the quarter. An 
increase of speed reduces the hazard. 
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3316. Use of oil for modifying the effects of breaking waves.—Oil has proved 
effective in modifying the effects of breaking waves, and has proved useful to vessels 
at sea, whether making way or stopped, particularly when lowering or hoisting boats. 
Its effect is greatest in deep water, where a small quantity suffices if the oil can be made 
to spread to windward. In shallow water where the water is in motion over the bottom, 
oil is less effective but of some value. 

The heaviest oils, notably animal and vegetable oils, are the most effective. Crude 
petroleum is useful, but its effectiveness can be improved by mixing it with animal and 
vegetable oils. Gasoline or kerosene are of little value. Oil spreads slowly. In cold 
weather it may need some thinning with petroleum to hasten the process and produce 
the desired spread before the vessel is too far away for the effect to be useful. 

At sea, best results can be expected if the vessel drifts or runs slowly before the 
wind, with the oil being discharged on both sides from waste pipes or by other con- 
venient method. Ifasea anchor is used, oil can be distributed from a container inserted 
within it for this purpose. If such a container is not available, an oil bag can be 
fastened to an endless line rove through a block on the sea anchor. This permits 
distribution of oil to windward, and provides a means for hauling the bag aboard for 
refilling. If another vessel is being towed, the oil should be distributed from the 
towing vessel, forward and on both sides, so that both vessels will be benefited. If a 
drifting vessel is to be approached, the oil might be distributed from both sides of the 
drifting vessel or by the approaching vessel, which should distribute it to leeward of 
the drifting vessel so that that vessel will drift into it. If the vessel being approached 
is aground, the procedure best suiting the circumstances should be used. 

If oil is needed in crossing a bar to enter a harbor, it can be floated in ahead of 
the vessel if a flood current isrunning. A considerable amount may be needed. Dur- 
ing slack water a hose might be trailed over the bow and oil poured freely through it 
if no more convenient method is available. With an ebb current oil is of little use, 
unless it can be distributed from another vessel or in some other manner from the op- 
posite side of the bar. 


CHAPTER XXXIV 
AMPHIBIOUS OPERATIONS 


3401. Amphibious operations and the navigator—Among the major problems in 
amphibious operations are the safe navigation of landing craft through the surf zone to 
the beach, trafficability of the beach, and movementinland. The purpose of this chapter 
is to acquaint the navigator with the first two of these and the oceanographic factors 
affecting them. The navigational aspects of the third problem are discussed in chapter 
XXVII, ‘Land Navigation.” 

3402. Refraction.—As explained in article 3307, wave speed is slowed in shallow 
water, causing refraction if the waves approach the beach at an angle. Along a per- 
fectly straight beach, with uniform shoaling, the wave fronts tend to become parallel to 
the shore. Any irregularities in the coast line or bottom contours, however, affect the 
refraction, causing irregularity. In the case of a ridge perpendicular to the beach, for 
instance, the shoaling is more rapid, causing greater refraction. The waves tend to 
align themselves with the bottom contours. Waves on both sides of the ridge have a 
component of motion toward the ridge. This convergence of water toward the ridge 
causes an increase in wave or breaker height. A submarine canyon or valley perpen- 
dicular to the beach, on the other hand, produces divergence, with a decrease in wave 
or breaker height. These effects are illustrated in figure 3402. Bends in the coast 
line have a similar effect, convergence occuring at a point, and divergence if the coast 
is concave to the sea. 

Under suitable conditions, currents also cause refraction. This is of particular 
importance at entrances of tidal estuaries. When waves encounter a current running 
in the opposite direction, they become higher and shorter. This results in a choppy 
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sea, often with breakers. When waves move in the same direction as current, they 
decrease in height, and become longer. Refraction occurs when waves encounter a 
current at an angle. 

Refraction diagrams, useful in planning amphibious operations, can be prepared 
with the aid of nautical charts or aerial photographs. The method of doing so is 
explained in H.O. Pub. No. 605, Graphical Construction of Wave Refraction Diagrams. 

3403. Breakers and surf.—In deep water, swell generally moves across the surface 
as somewhat regular, smooth undulations (ch. XX XIII). When shoal water is reached, 
the wave period remains the same, but the speed decreases. The amount of decrease 
is negligible until the depth of water becomes about one-half the wave length, when the 
waves begin to “‘feel’”? bottom. There is a slight decrease in wave height, followed by 
a rapid increase, if the waves are traveling perpendicular to a straight coast with a 
uniformly sloping bottom. As the waves become higher and shorter, they also become 
steeper, and the crest becomes narrower. When the speed of individual particles at 
the crest becomes greater than that of the wave, the front face of the wave becomes 
steeper than the rear face. This process continues at an accelerating rate as the depth 
of water decreases. At some point the wave may become unstable, toppling forward 
to form a breaker. 

There are three general classes of breakers. A spilling breaker breaks gradually 
over a considerable distance. A plunging breaker tends to curl over and break with a 
single crash. A surging breaker peaks up, but surges up the beach without spilling or 
plunging. It is classed as a breaker even though it does not actually break. The 
type of breaker is determined by the steepness of the beach and the steepness of the 
wave before it reaches shallow water, as illustrated in figure 3403. 

Longer waves break in deeper water, and have a greater breaker height. The 
effect of a steeper beach is also to increase breaker height. The height of breakers is 
less if the waves approach the beach at an acute angle. With a steeper beach slope 
there is greater tendency of the breakers to plunge or surge. Following the uprush 
of water onto a beach after the breaking of a wave, the seaward backrush occurs. The 
returning water is called backwash. It tends to further slow the bottom of a wave, 
thus increasing its tendency to break. This effect is greater as either the speed or 
depth of the backwash increases. The still water depth at the point of breaking is 
approximately 1.3 times the average breaker height. 

Surf varies with both position along the beach and time. A change in position 
often means a change in bottom contour, with the refraction effects discussed in article 
3402. At the same point, the height and period of waves vary considerably from wave 
to wave. A group of high waves is usually followed by several lower ones. Therefore, 
passage through surf can usually be made most easily immediately following a series of 
higher waves. 

Since surf conditions are directly related to height of the waves approaching a beach, 
and the configuration of the bottom, the state of the surf at any time can be predicted 
if one has the necessary information and knowledge of the principles involved. Height 
of the sea and swell can be predicted from wind data, and information on bottom con- 
figuration can generally be obtained from the nautical chart. In addition, the area 
of lightest surf along a beach can be predicted if details of the bottom configuration are 
available. Detailed information on prediction of surf conditions is given in H.O. Pub. 
No. 234, Breakers and Surf; Principles in Forecasting. 

3404. Currents in the surf zone.—In and adjacent to the surf zone, currents are 


generated by waves approaching the bottom contours at an angle, and by irregularities 
in the bottom. 
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Figure 3403.—The three types of breakers. 


Waves approaching at an angle produce a longshore current parallel to the beach, 
within the surf zone. Longshore currents are most common along straight beaches. 
Their speeds increase with increasing breaker height, decreasing wave period, increasing 
angle of breaker line with the beach, and increasing beach slope. Speed seldom exceeds 
one knot, but sustained speeds as high as three knots have been recorded. Longshore 
currents are usually constant in direction. They increase the danger of landing craft 
broaching to. 

As explained in article 3402, wave fronts advancing over nonparallel bottom 
contours are refracted to cause convergence or divergence of the energy of the waves. 
Energy concentrations, in areas of convergence, form barriers to the returning back- 
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wash, which is deflected along the beach to areas of less resistance. Backwash ac- 
cumulates at weak points, and returns seaward in concentrations, forming rip currents 
through the surf. At these points the large volume of returning water has a retarding 
effect upon the incoming waves, thus adding to the condition causing the Tip current. 
The waves on one or both sides of the rip, having greater energy and not being retarded 
by the concentration of backwash, advance faster and farther up the beach. From 
here, they move along the beach as feeder currents. At some point of low resistance, 
the water flows seaward through the surf, forming the neck of the rip current. Outside 
the breaker line the current widens and slackens, forming the head. The various 
parts of a rip current are shown in figure 3404. aah 

Rip currents may also be caused by irregularities in the beach face. If a beach 
indentation causes an uprush to advance farther than the average, the backrush is 
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Figure 3404.—A rip current (left) and a diagram of its parts (right). 


delayed and this in turn retards the next incoming foam line (the front of a wave as 
it advances shoreward after breaking) at that point. The foam line on each side of 
the retarded point continues in its advance, however, and tends to fill in the retarded 
area, producing a rip current. 

3405. Beach trafficability— The trafficability of an area depends upon character- 
istics of both the area itself and the vehicles to be used in traversing the area. 

In amphibious operations, landing craft must successively negotiate the sub- 
merged section of the beach between landing craft and shore, the moist “beach face” 
which is covered by water at high tide, the dry section which is never submerged, and 
the backshore. Several types and conditions of soils may be encountered in traversing 
the four sections. 

Bearing capacity, traction capacity, and rolling resistance are the main factors in 
soil trafficability. Bearing capacity concerns the ability of the soil to support the 
vehicle; traction capacity deals with its ability to give the vehicle a forward thrust; 
rolling resistance refers to the tendency of the soil to oppose the forward thrust. 
These main factors are themselves dependent upon vehicle characteristics, traffic 
density, slope of the ground, nature of the soil, and certain soil characteristics which 
depend chiefly upon the water content of the soil. 

Trafficability investigations have led to the following general conclusions: (1) 
Serious trafficability problems arise with mud. (2) The trafficability of sandy beaches 
composed of coarse-grained soils increases with increased flatness. The bearing and 
traction capacities of such soils are satisfactory if the soil is confined, as by the use of 
large low-pressure tires or wide tracks. (3) Wet sand offers less resistance than dry 
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sand. Therefore, vehicles are best discharged at low tide, onto the moist part of the 
beach face thus exposed. Vehicles landed after a heavy rain will encounter better 
trafficability than those landed when the beach is dry. (4) The landing of tracked 
vehicles on all but the flattest beaches disturbs the soil to such an extent that wheeled 
vehicles have great difficulty in operating. However, tracked vehicles can operate on 
many beaches where wheeled vehicles cannot be used under any circumstances. 

When a beach is insufficiently stable to support sustained traffic from landing 
craft to backshore, artificial means may be used to increase the stability. The three 
general methods are (1) densification of the soil, (2) addition of cementing agents, and 
(3) elimination of excess moisture and the prevention of moisture accumulation. 
Another approach is to bring vehicles ashore by means of pontoon causeways, landing 
mats, or other types of temporary roadways. 


CHAPTER XXXV 
SOUND IN THE SEA 


3501. Underwater sound and the navigator.—The clarity with which the noises 
associated with weighing anchor, propelling a ship, and other underwater motions are 
heard below the water line and near the skin of a vessel is an indication of the high 
sound-transmitting qualities of sea water. Water is a better conductor of sound than 
is air because it absorbs less energy from the sound. There are several ways in which 
underwater sound can be used in navigation. 

The direction of travel of sound waves can be measured either by means of binaural 
hearing (hearing with two “ears’”’), or by equipment which has directional character- 
istics similar to those of a directional antenna used in radio (art. 1012). Either method 
can be used for determining the direction from which general noise is coming, but 
only the latter is used in sonar equipment (art. 1108) for determining direction and dis- 
tance by reception of an echo from a directional signal, in a manner similar to radar 
(art. 1208). 

Distance can be determined by (1) measuring the elapsed time between trans- 
mission of a signal and return of its echo, (2) measuring the elapsed time between 
transmission of a signal and its receipt at a second station, (3) measuring the time 
difference between reception of a signal transmitted through water and one transmitted 
through air, (4) measuring the difference in phase between two signals or change of 
phase of a signal when it returns as an echo, or (5) measuring the angle at which an 
echo is received from a signal produced at another place. The first method, used in 
sonar (art. 1108) and echo sounding equipment (art. 619), is similar in principle to 
radar (art. 1208). The second method is used primarily in RAR (art. 1205), in which 
underwater sound signals trigger a ‘‘sonobuoy,”’ which transmits a radio signal to indi- 
cate the time of reception of the sound signal. The third method is used at distance 
finding stations (art. 1205). The fourth and fifth methods were used in early forms of 
echo sounders. 

The difference in time of reception of the same signal at two or more points is 
used in sofar (art. 1313) in a manner which is similar but reversed to that of loran 
(art. 1302). 

3502. Sources of sound in the ocean.—Underwater sounds intended for navigational 
use are produced in one of three basic ways: (1) by percussion, as the striking of a 
bell, gong, or the bottom of the vessel; (2) by oscillator, as the vibration of a diaphragm; 
(3) by explosion, as by small bomb or depth charge. Certain man-made noises ordi- 
narily produced in water, such as those due to operation of the main engines of a vessel, 
can be detected by an appropriate listening device. 

In addition, many noises are made by animals living in the ocean. Certain 
shrimp, great numbers of which inhabit some areas, make a snapping noise with their 
claws. Some fish make a noise by stridulating (scraping). When shellfish are being 
eaten, a sound is emitted as the shells are broken by the teeth of the fish which are 
feeding. Grunting noises are made by many kinds of fish, usually by means of their 
swim bladders. Porpoises produce sounds of a high pitch. Sounds of various fre- 
quency and amplitude are produced by other forms of marine life. Where sound- 
producing marine life is very abundant, it interferes with detection of man-made 
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sounds, requiring a high signal-to-noise ratio. The effect is similar to that of a high 
atmospheric noise level in radio. 

3503. Speed of sound in sea water.—Three variables govern the speed (S) of sound 
in a fluid. They are density (), compressibility (8), and the ratio between the specific 
heats of the fluid at constant pressure and at constant volume (y). The following 
formula is sufficiently accurate for most navigational purposes: 


Ea Wile 
s= 4/3 


Density and specific heat are discussed in articles 3009 and 3012, respectively. Com- 
pressibility refers to the relative change in volume for a given change in pressure. 
The compressibility of water is low, and consequently the speed of sound in water is 
high. The specific heat ratio enters the formula because the energy of a sound impulse 
is briefly transformed into heat, and then reconverted (with slight loss) into kinetic 
energy. The ratio rarely exceeds 1.02 in sea water and is commonly taken as unity. 

For atmospheric pressure 29.92 inches of mercury, temperature 60° F, and salinity 
34.85 parts per thousand, the density of sea water is 64 pounds per cubic foot and the 
compressibility approximately 0.0000435 per atmosphere (one atmosphere equals 
14.696 pounds per square inch). Using these values and 32.174 feet per second per 
second (the acceleration of gravity at latitude 45°) and 144 square inches per square 
foot, and taking y equal to unity, one obtains: 


=4945 ft./sec. 
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rr 64<0.0000435 


The same formula can be used to determine the speed of sound in air. For 
atmospheric pressure 29.92 and temperature 60° F, the density of air is 0.0764 pound 
per cubic foot and, since air is a gas, the compressibility is the reciprocal of the pressure. 
Taking vy equal to 1.4, one obtains: 
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0.07641 == 11/7 ft./sec. 


The speed of sound in water is approximately 4.5 times its speed in air. 

An increase in temperature decreases both density and compressibility, resulting 
in an increase in the speed of sound. In sea water, an increase in pressure or salinity 
produces a slight increase in density and a larger decrease in compressibility, resulting 
in a net increase in the speed of sound. Thus, in sea water, an increase in temperature, 
pressure, or salinity results in greater speed of sound. Of the three, temperature has 
the greatest influence on the speed of sound in sea water in the upper layers. At depth, 
pressure, and in coastal areas, changes in salinity, may have the greatest effect. 

Normally, the change of these three elements is much more rapid in a vertical 
direction than in a horizontal direction. The change with depth varies with location. 
With respect to temperature, much of the ocean is considered to consist of three layers, 
a surface layer influenced greatly by the temperature of the air above it, a thermocline 
of rapidly decreasing temperature, and a nearly uniform deep-water layer. Typical 
curves showing change of temperature and salinity with depth are shown in figure 3503a. 
The increase of pressure with depth is almost uniform, the pressure at 10,000 feet 
being approximately twice that at 5,000 feet, and ten times that at 1,000 feet. A typical 
curve of speed of sound with depth is shown in figure 3503b. The speeds for all tem- 
perature, pressure, and salinity conditions encountered in the sea are given in Tables of 
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Sound Speed in Sea Water, SP 58, published by the U.S. Navy Hydrographic Office. 

Study of transmission of sound from underwater explosions indicates that near 
the explosion the speed of sound may be somewhat higher than expected, probably due 
to increased pressure caused by the disturbance. This effect extends over such a short 
distance that it is insignificant in ordinary underwater sound transmission. 

3504. Reflection of underwater sound waves.—In water, as in air, sound is re- 
flected by obstructions in the form of solid objects or sharp discontinuities. Thus, 
sound is reflected from the bottom, the shore, hulls of ships, the surface of the water, 
etc. It is this reflecting energy that is used in echo sounders (art. 619) to determine 
depth, and in sonar equipment (art. 1108) used for echo ranging. 

Reflecting properties of various substances differ markedly. Rock reflects almost 
all of the sound that strikes its surface, while soft mud absorbs or is penetrated by 
sound. ‘Thus, in echo sounding, a layer of soft mud over rock may result in two echoes, 
indicating two depths. 

Fish and even tiny sea animals also refiect sound. As a result, echo sounders are 
widely used among fishermen to locate schools of fish. In deep water it is not unusual 
for an echo sounder to receive an echo from a depth of about 200 fathoms, although the 
depth decreases somewhat at night. This phantom bottom or deep scattering layer, 
which is undoubtedly the source of many erroneous shoal sounding reports, is believed 
to be due to large numbers of tiny marine animals, or other marine life. 

A sharp discontinuity within the water causes reflection of sound. Thus, an echo 
sounder may detect the boundary between a layer of fresh water overlying salt water, 
a condition which might occur near the mouth of a river. 
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Sharp, distinct echoes denoting precise depths are difficult to obtain over rough- 
surfaced bottoms. Therefore, considerable discretion should be exercised in evaluating 
soundings taken over bottoms possessing a high degree of relief. 

3505. Refraction of underwater sound waves.—The laws of refraction as applied 
to light (art. 1613) and radio waves (art. 1006) apply also to sound. Because of dif- 
ferences of speed of sound in sea water, an advancing sound wave is refracted toward 
the area of slower speed. If sound is traveling vertically downward, as in echo sounding, 
the effect of refraction is relatively slight because the layers of water in which speed 
differs are approximately horizontal, and when the direction of travel of the sound is 
normal to the refracting surface or layer, there is no refraction. 

When a beam of sound is directed in a horizontal direction, however, refraction is 
greatest. If the speed decreases with depth, the usual situation, the upper part of the 
beam travels faster than the lower part, and the beam is diverted downward, leaving 
a shadow zone near the surface in which the sound does not enter, except for a weak 
signal due to scattering. If the speed increases with depth, the lower part moves faster, 
and the beam is deflected upward toward the surface, where part of it is reflected, part 
moves along the surface with some scattering if the surface is not smooth, and part (less 
than 1%) is lost to the air. 

With typical distribution of speed with depth, as shown in figure 3503b, speed 
decreases with depth until a minimum is reached at some level below the surface, and 
below this the speed increases. In figure 3503b minimum speed occurs at about 2,400 
feet. In the tropics this level of minimum speed may be as deep at 6,000 feet, and in 
polar regions it may be at the surface. Sound produced at any level tends to be re- 
fracted to the level of minimum 
speed, and to remain there, for 
as it attempts to leave this level, 
it is refracted back toward it, as 
shown in figure 3505. This, of =| "'@—— MMU SPEEDY ese By 
course, does not refer to sound es a 
traveling vertically. If a sound PHOSIO 
is produced at this level, as by 
Sl gk A gl el ae Ficure 3505.—Transmission of sound rays along the 
charge, the sound waves start minimum sound level. 
to move outward as expand- 
ing spheres, but most of the rays are refracted back toward the minimum speed level. 
Because of this effect, such a sound may travel great distances with relatively little 
decrease in intensity. Listening gear placed at this level has detected sounds produced 
thousands of miles away. ‘This is the principle used in sofar (art. 1313). 
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CHAPTER XXXVI 
ICE IN THE SEA 


3601. Ice and the navigator.—The perpetually frozen Arctic Ocean and the solid 
sheet of ice beneath which Antarctica is buried offer evidence that the earth has not yet 
completely emerged from its most recent Ice Age. Each winter this polar ice increases 
and spreads toward more temperate latitudes, and each summer it contracts again 
as part of the ice melts. Some of the fragments are carried by ocean currents into 
shipping lanes, forming a major hazard to shipping. There is evidence to indicate 
that the polar regions are becoming warmer. Nearly all glaciers are receding; 
the ice shelves off northern Canada and Greenland are breaking up; shipping off 
the Siberian coast has become possible; cod are found ever farther north along the 
Greenland coast. 

Ice is of direct concern to the navigator because it restricts and sometimes controls 
his movements, it affects his dead reckoning by forcing frequent and sometimes inac- 
curately determined changes of course and speed, it affects his piloting by altering the 
appearance or obliterating the features of landmarks and by rendering difficult the 
establishment and maintenance of aids to navigation, it affects his electronic navigation 
by its effect upon propagation of radio waves and the changes it produces both in sur- 
face features and radar returns from such features, it affects his celestial navigation by 
altering the refraction and obscuring his horizon and celestial bodies either directly or 
by the weather it influences, and it affects his charts by introducing various difficulties 
to the hydrographic surveyor. 

Because of his direct concern with ice, the prospective polar navigator will do well 
to acquaint himself with its nature and extent in the area he expects to navigate. To 
this end he should consult the sailing directions for the area, and whatever other 
literature may be available to him, including reports of previous operations in the same 
area. 

3602. Formation of ice.—As it cools, water contracts until the temperature of max- 
imum density is reached. Further cooling results in expansion. The maximum 
density of fresh water occurs at a temperature of 39°2F, and freezing takes place at 
32°F. The addition of salt lowers both the temperature of maximum density and, to 
a lesser extent, that of freezing. The relationships are shown in figure 3602. The two 
lines meet at a salinity of 24.7 parts per thousand, at which maximum density occurs 
at the freezing temperature of 29°61F. At this and greater salinities, the density 
increases right down to the freezing point. At a salinity of 35 parts per thousand, the 
approximate average for the oceans, the freezing point is 28°6 F. 

Generally, ice forms first at the water surface. As it does, most of the dissolved 
solids remain in the water, beneath the ice, increasing the density of the water there. 
This lowers the freezing point, thus tending to retard the freezing process. It is further 
retarded by the fact that ice is a poor conductor of heat and therefore serves as an 
insulator to protect the water from colder air above. 

. In shoal water and streams, particularly where motion is sufficient to cause thorough 
mixing, the freezing temperature may extend from the surface to the bottom. When 
this occurs, ice crystals may form at any depth. Because of their decreased density, 
they tend to rise to the surface, unless they form at the bottom and attach themselves 
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Figure 3602.—Relationship between temperature of maximum density and 
freezing point for water of varying salinity. 


there. This bottom ice, sometimes called anchor ice, continues to grow as additional 
ice freezes to that already formed. 

Ice may also be formed by the compacting of fallen snow, or by the freezing of a 
mixture of snow and sea water. 

3603. Land ice is formed on land by the freezing of fresh water or the compacting 
of snow as layer upon layer adds to the pressure on that beneath. As snow becomes 
hardened by wind, temperature, and pressure, it reaches an intermediate stage when 
it is known as névé (na va’). 

Under great pressure ice becomes slightly plastic and is forced outward and down- 
ward along an inclined surface. If a large area is relatively flat, as on the antarctic 
plateau, or if the outward flow is obstructed, as on Greenland, an ice cap forms and 
remains winter and summer, in some places reaching depths of several thousand feet. 
Where ravines or mountain passes permit flow of the ice, a glacier is formed. This is 
a slow-moving river of ice that flows to lower levels, exhibiting many of the character- 
istics of rivers of water. The flow may be more than 100 feet per day, but is generally 
much less. When a glacier reaches a comparatively level area, it spreads out. When 
a glacier flows into the sea, the buoyant force of the water breaks off pieces from time 
to time, and these float away as icebergs. 

An iceberg seldom melts uniformly because of lack of uniformity in the ice itself, 
differences in the temperature above and below the water line, exposure of one side to 
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the sun, strains, cracks, mechanical erosion, etc. The inclusion of rocks, silt, and 
other foreign matter further accentuates the differences. As a result, changes in 
equilibrium take place, which may cause the berg to tilt or capsize. Parts of it may 
break off or calve, forming separate, smaller bergs. A small berg about the size of a 
house is called a bergy bit, and one still smaller but large enough to inflict serious 
damage to a vessel is called a growler because of the noise it sometimes makes as it 
bobs up and down in the sea. Bergy bits and growlers are usually pieces calved from 
icebergs, but they may be formed by consolidation of sea ice or by the melting of an 
iceberg. The principal danger from icebergs is their tendency to break or shift position, 
and possible underwater extensions, called rams. 

3604. Sea ice forms by the freezing of sea water. The first indication is a greasy 
or oily appearance of the surface, with a peculiar gray or leaden tint. The small 
individual particles of ice, called spicules, then become visible. As the number in- 
creases, the mixture of water and ice is soupy or mushy, having about the consistency 
of wetsnow. At thisstage itis called slush. The height of waves is noticeably reduced. 
As the individual particles freeze together, a thin layer of highly plastic ice forms. 
This bends easily and moves up and down with the waves. A layer of two inches of 
fresh-water ice is brittle but strong enough to support the weight of a heavy man. 
In contrast, the same thickness of newly formed sea ice will support not more than about 
ten percent of this weight, although its strength varies with the temperature at which 
it is formed, very cold ice supporting a greater weight than warmer ice. When snow 
falls into sea water which is near its freezing point, but colder than the melting point of 
snow, it does not melt, but floats on the surface, drifting with the wind into beds which 
may become several feet thick. If the temperature drops below the freezing point of 
the sea water, the mixture of snow and water freezes quickly into a soft ice similar to 
that formed when snow is not present. As it ages, sea ice becomes harder and more 
brittle. 

Close to land the ice may be attached to the shore as an ice foot. The width of 
this fast ice varies considerably, but in an area with many irregularities in the coast 
line, especially if there are offshore islands or shoals, and relatively shallow water, it 
may extend for several miles to seaward. Although the width generally varies from 
two to 20 miles, a maximum of about 270 miles has been observed in the vicinity of 
Novosibirskiye Ostrova (New Siberian Islands). Onan exposed, abrupt coast bordered 
by deep water there may be no ice foot at all. 

In a bay or other sheltered area, ice formed on the surface of the sea, often augmented 
by snow and land ice, may build up a shelf which remains attached to the land for many 
years. In the Ross Sea in Antarctica this shelf ice attains a thickness of 500 to 1,000 
feet. At the outer edge, large pieces eventually break away, forming tabular icebergs 
(fig. 3604a), with dimensions measured in miles. In 1854 and 1855 several ships in the 
South Atlantic reported a crescent-shaped iceberg with one horn 40 miles long, the 
other 60 miles long, and with an embayment 40 miles wide between the tips. In 1927 
a berg 100 miles long, 100 miles wide, and 130 feet high above water was reported. 
The largest iceberg ever reported was sighted in 1956 by the USS Glacier, a U. S. Navy 
icebreaker, about 150 miles west of Scott Island. This berg was 60 miles wide and 208 
miles long, more than twice the size of Connecticut. Icebergs ten miles or more in 
length have been seen on many occasions in the antarctic. In contrast, the largest 
iceberg reported in the northern hemisphere was seven miles long and three and a, half 
miles wide. This berg was sighted off Baffin Island in 1889. In 1928 an iceberg 
four miles long was reported seen in the North Atlantic. The expression “tabular 
iceberg” is not applied to northern hemisphere bergs, but similar formations there 
are called ice islands. These are believed to originate when shelf ice breaks up north 
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Ficure 3604a.—A tabular iceberg. 


of Canada and Greenland. Most of them remain in the Arctic Ocean and have not 
been encountered by ships, although the large icebergs sighted in 1882 and 1928 
were possibly ice islands. For several years the United States maintained a weather 
station on one of the arctic ice islands. 

Sea ice is exposed to several forces, including currents, wave motion, tides, wind, 
and temperature differences. In its early stages, its plasticity permits it to conform 
readily to virtually any shape required by the forces acting upon it. As it becomes 
older, thicker, and more brittle, exposed sea ice cracks and breaks under the strain. 
Under the influence of wind and current, the broken pieces may shift position relative 
to pieces around them. 

A single piece of relatively flat sea ice is called an ice cake. When ice is formed 
in the presence of considerable wave motion, circular cakes several feet in diameter 
are formed, rather than a single large sheet. These circular cakes are called pancakes, 
and a collection of pancakes is called pancake ice (fig. 3604b). Wave motion may 
cause the pancakes to break into smaller pieces. With continued freezing, individual 
pieces unite into floes, and floes into ice fields which extend over many miles. 


Figure 3604b.—Pancake ice, with an iceberg in the background. 
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When one floe encounters another, or the shore, the individual pieces may be forced 
closer together into a thickly compacted mass. If the force is sufficient, and the ice 
is sufficiently plastic, bending takes place, or tenting if the contacting edges of individual 
cakes force each other to rise above their surroundings. More frequently, however, 
rafting occurs as one cake overrides another. Sea ice having any readily observed 
roughness of the surface is called pressure ice. A line of ice piled haphazardly along 
the edge of two floes which have collided is called a pressure ridge. Pressure ice with 
numerous mounds or hillocks which have become somewhat rounded and smooth by 
weathering or the accumulation of snow is called hummocked ice, each mound being 
called a hummock. 

The motion of adjacent floes is seldom equal. The rougher the surface, the greater 
the effect of wind, since each piece extending above the surface acts as a sail. Some 
floes are in rotary motion as they tend to trim themselves into the wind. Since ridges 
extend below as well as above the surface, the deeper ones are influenced more by 
deep-water currents. When a strong wind blows in the same direction for a considerable 
period, each floe exerts pressure on the next one, and as the distance increases, the pres- 
sure becomes tremendous. Near land the result is an almost unbelievably chaotic 
piling of ice. Individual ridges near the shore may extend as much as 60 or 70 feet 
above surrounding ice and have a total thickness of 150 to 200 feet in extreme cases. 
Far from land, the height and thickness seldom exceed half these figures. 

The continual motion of various floes results in separation as well as consolidation. 
A long, narrow, jagged crack may appear and widen enough to permit passage of a 
ship, when it is called a lead (léd). In winter, a thin coating of newly formed ice 
usually covers the water, but in summer the water remains ice-free until a shift in the 
movement forces the two sides together again. Before this occurs, lateral motion 
usually takes place between the floes, so that they no longer fit, and unless the pressure 
is extreme, numerous patches of open water remain. A large one is called a polynya. 

A large mass of sea ice, consisting of various floes, pressure ridges, and openings, 
is called a pack (fig. 3604c). In the arctic the main pack extends over the entire 
Arctic Ocean and for a varying distance outward from it, the limits receding con- 
siderably during summer. Each year a large portion of the ice from the Arctic Ocean 
moves outward between Greenland and Norway, into the North Atlantic, and is 
replaced by new ice. Relatively little of the pack ice is more than ten years old. 
The ice pole, the approximate center of the arctic pack, is at latitude 83°5 
N, longitude 160° W, north of western Alaska and about 390 miles from the north pole. 
In the antarctic the pack exists as a relatively narrow strip between the continent of 
Antarctica and the notoriously stormy seas which hasten the pack’s destruction. 

The alternate melting and refreezing of the surface of the pack, producing weathered 
ice, combined with the various motions to which the pack is subjected, result in widely 
varying conditions within the pack itself. The extent to which it can be penetrated 
by a ship varies from place to place and with changing weather conditions. In some 
areas the limit of navigable water is abrupt and complete, as at the edge of shelf ice. 
Such ice is called a barrier. 

3605. Thickness of sea ice.—The seasonal thickness of fast ice in two harbors of 
the northern hemisphere is shown in figure 3605, at the latitudes indicated. Pack ice 
in these latitudes undergoes a similar change. As ice thickens, it provides increased 
insulation to protect the sea water beneath from the colder air above, and the rate of 
freezing decreases. Sea ice rarely exceeds six feet in thickness during its first year. 
In a coastal area where the inelting rate is less than the freezing rate, the thickness 
increases during succeeding winters, being augmented by compacted and frozen snow, 
until a maximum thickness of about 12 to 15 feet may eventually be reached. These 
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Figure 3604c.—Pack ice. 
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values refer to single, unbroken pieces of floating ice. Shelf ice and pressure ice may 
be much thicker, as indicated previously (art. 3604). 

During the summer, the sea ice insulates the sea water from warmer air above, so 
that melting is confined almost entirely to the upper portion. As the fresher melt 
water runs off into the sea, it tends to float on top of the heavier and colder salt water 
of the ocean. The temperature of the sea water may be lower than the freezing point 
of the fresher melt water, resulting in some refreezing as the melt water runs under the 
ice. 

3606. Salinity of sea ice.—Sea ice forms first as salt-free crystals near the surface 
of the sea. As the process continues, these crystals are joined together and, as they 
do so, small quantities of brine are trapped within the ice. On the average, new ice 
six inches thick contains five to ten parts of salt per thousand. With lower temperature, 
freezing takes place faster. With faster freezing, a greater amount of salt is trapped 
in the ice. 

Depending upon the temperature, the trapped brine may either freeze or remain 
liquid, but because its density is greater than that of the pure ice, it tends to settle 
down through the pure ice. As it does so, the ice gradually freshens, becoming clearer, 
stronger, and more brittle. At an age of one year sea ice is sufficiently fresh that its 
melt water, if found in puddles of sufficient size, and not contaminated by spray from 
the sea, can be used to replenish the fresh water supply of a ship. However, ponds of 
sufficient size to water ships are seldom found except in ice of great age, and then much 
of the melt water is from snow which has accumulated on the surface of the ice. When 
sea ice reaches an age of about two years, virtually all of the salt has been eliminated. 
Icebergs contain no salt, and uncontaminated melt water obtained from them is 
fresh. 

The settling out of the brine gives sea ice a honeycomb structure which greatly 
hastens its disintegration when the temperature rises above freezing. In this state, 
when it is called rotten ice, much more surface is exposed to warm air and water, and 
the rate of melting is increased. In a day’s time, a floe of apparently solid ice several 
inches thick may disappear completely. 

3607. Density of ice.—The density of fresh-water ice at its freezing point is 0.917. 
Newly formed sea ice, due to its salt content, is more dense, 0.925 being a representative 
value. The density decreases as the ice freshens (art. 3606). By the time it has shed 
most of its salt, sea ice is less dense than fresh-water ice, because ice formed in the sea 
contains more air bubbles. Ice having no salt but containing air to the extent of eight 
percent by volume (an approximately maximum value for sea ice) has a density of 
0.845. 

The density of land ice varies over even wider limits. That formed by freezing 
of fresh water has a density of 0.917, as stated above. Much of the land ice, however, 
is formed by compacting of snow. This results in the entrapping of relatively large 
quantities of air. Névé, in the transitional stage between snow and ice, may have an 
air content of as much as 50 percent by volume. By the time the ice of a glacier reaches 
the sea, its density approaches that of fresh-water ice. A sample taken from an iceberg 
on the Grand Banks had a density of 0.899. 

When ice floats, part of it is above water and part is below the surface. The per- 
centage of the mass below the surface can be found by dividing the average density of 
the ice by the density of the water in which it floats. Thus, if an iceberg of density 
0.920 floats in water of density 1.028 (corresponding to a salinity of 35 parts per thousand 
and a temperature of 30°F), 89.5 percent of its mass will be below the surface. That is, 
about nine-tenths of the mass will be below the surface, and only about one-tenth 
will be above the surface. If the ice is a perfectly uniform block, which some tabular 
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icebergs approach, the depth below the surface is about seven times the height above 
water, under the conditions stated above. However, most of the icebergs of the northern 
hemisphere are irregular in shape, the depth probably averaging about five times the 
height. Icebergs have been estimated to be as high as 1,000 feet above water, but 
the highest measured in the northern hemisphere was 447 feet. The largest tabular 
icebergs of the antarctic extend about 300 feet above the water. 

3608. Drift of ice—Although surface currents have some effect upon the drift of 
pack ice, the principal factor is wind. Due to Coriolis force (art. 1611), ice does not drift 
in the direction of the wind, but about 30° from this direction. In the northern hemi- 
sphere, this drift is to the right of the direction toward which the wind blows, and in 
the southern hemisphere it is toward the left. Since the surface wind is deflected about 
twice this amount from the direction of the pressure gradient, the total deflection of the 
ice is about 90° from the pressure gradient, or along the isobars, with the atmospheric 
low toward the left and the high toward the right in the northern hemisphere. In the 
southern hemisphere, these directions are reversed. The rate of drift is about one to 
seven percent of the wind speed, depending upon the roughness of the surface and the 
concentration of the ice. 

Icebergs, which extend a considerable distance below the surface, and have a rela- 
tively small ‘sail area,’”’ are influenced more by surface currents than by wind. How- 
ever, if a strong wind blows for a number of hours in a steady direction, the drift of ice- 
bergs will be materially affected. In this case the effect is two-fold. The wind acts 
directly against the iceberg, and also generates a surface current in about the same 
direction. Because of inertia, an iceberg may continue to move from the influence of 
wind for some time after the wind stops or changes direction. 

3609. Extent of ice in the sea.—Several Hydrographic Office publications contain 
monthly charts showing average extent of various degrees of navigability in the northern 
and southern hemispheres throughout the year. A sample of the type of information 
given is shown in figure 3609. Similar information is shown on the various pilot charts 
(art. 414). Useful information on ice conditions in different localities is given in the 
sailing directions for those areas. The information given in H.O. Pub. No. 27, Satling 
Directions, Antarctica, is particularly complete and of somewhat general application. 

However, since formation of ice, in common with other meteorological and ocean- 
ographic phenomena, varies considerably from year to year, wide deviations from aver- 
age conditions are not unusual. Most countries having vessels operating in ice main- 
tain ice information services. Details of these services are given in the appropriate 
volumes of sailing directions. The ice bulletins broadcast by the U. S. Navy Hydro- 
graphic Office are discussed in article 3615. The latest bulletins, as well as information 
on average conditions, should be consulted when operating in ice. 

3610. Ice in the North Atlantic.—Sea-level glaciers exist on a number of land 
masses bordering the northern seas, including Alaska, Greenland, Svalbard (Spitz- 
bergen), Zemlya Frantsa-losifa (Franz Josef Land), Novaya Zemlya, and Severnaya 
Zemlya (Nicholas II Land). Except in Greenland, the rate of calving is relatively slow, 
and the few icebergs produced melt near their points of formation. Many of those 
produced along the coasts of Greenland, however, are eventually carried into the ship- 
ping lanes of the North Atlantic, where they constitute a major menace to ships. It is for 
this reason that more southerly lanes (art. 3611) are specified when icebergs are prevalent. 

The icebergs produced along the east coast of Greenland are carried by the east 
Greenland current around Kap Farvel and northward by the west Greenland cur- 
rent toward Davis Strait. Relatively few of these icebergs menace shipping, but they 
have been encountered as far as 200 miles southeast of Kap Farvel. 


754 ICE IN THE SEA 


ICE CHART 
NORTHERN HEMISPHERE 


JANUARY, 


TYPES OF ICE 


Permanent polar pack, inaccessible 
to navigation. 


/ 
eon’ / 
Unnavigable sea and land-fast ice, occasion- 
ally penetrable by powerful icebreakers, 
Generally unnavigable sea and land-fast ice. Icebreaker 
3 assistance normally required, although at times pen- 


etrable by heavily built vessels. 


WS peaanauanisast ice generally navigable by heavily- 


a a4 


Figure 3609.—Average limits of various degrees of navigability of ice in the northern hemisphere in 
January. 


The most prolific source of icebergs is the west coast of Greenland. In this area 
there are about 100 tidewater glaciers, 20 of them being the principal producers of 
icebergs. About 7,500 icebergs are formed here each year. The west Greenland 
current carries them northward and then westward until they encounter the south- 
flowing Labrador current. West Greenland icebergs generally spend their first winter 
in Baffin Bay. During the next summer they are carried southward by the Labrador 
current. In many cases, their second winter is spent in Davis Strait. When they are 
freed by the break-up of the pack ice, they drift southward. An average of about 
400 per year reach latitude 48°N, and about 35 are carried south of the Grand Banks 
(latitude 43°N) before they melt. Icebergs have been encountered south of Bermuda, 
off the Azores, and within a few hundred miles of Great Britain. 

The variation from average is considerable. More than 1,350 icebergs have been 
sighted south of latitude 48°N in a single year (1929), while in 1940 only two were 
encountered in this area. Although this variation has not been fully explained, it is 
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Figure 3610a.—Average iceberg conditions in the vicinity of the Grand Banks in April. 


apparently related to wind conditions, the distribution of pack ice in Davis Strait, and 
to the amount of pack ice off Labrador. It has been suggested that the distribution of 
the Davis Strait-Labrador Sea pack ice influences the effectiveness of this ice in holding 
back the icebergs. According to this theory, when pack ice is heavy along the Labrador 
coast, the icebergs are forced well offshore, where warmer water causes them to melt 
before they reach the North Atlantic shipping lanes; but when the pack ice is not suffi- 
cient for this, the icebergs drift closer to shore, where there is colder water which 
prolongs their existence. 

Icebergs may be encountered during any part of the year, but in the Grand Banks 
area they are most numerous during the spring. Average iceberg and pack ice condi- 
tions in this area during April, May, and June are shown in figures 3610a, 3610b, and 
3610c. Off Newfoundland, part of the pack ice is brought south by the Labrador 
current, and part of it comes through Cabot Strait, having originated in the Gulf of 
St. Lawrence. 

3611. The North Atlantic lane routes.—In his 1855 sailing directions, Matthew 
Fontaine Maury included a section on “Steam Lanes Across the Atlantic.” Maury 
was inspired by the collision and sinking the previous year of the French Vesta and 
American Arctic, in which about 300 lives were lost, and he recommended separate 
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Figure 3610b.—Average iceberg conditions in the vicinity of the Grand Banks in May. 


routes for eastbound and westbound vessels to avoid the risks due to fog. The U. S. 
Navy Hydrographic Office continued to advocate the use of lane routes during the 
next 35 years, ultimately designating different routes for different times of the year 
to avoid ice dangers. In 1889 representatives of 26 maritime nations, meeting at the 
International Marine Conference in Washington, ruled against establishing steamer 
lanes by international agreement of the governments involved, but recommended that 
companies engaged in the North Atlantic trade establish such routes for their own 
vessels. Two years later a group of steamship companies operating passenger liners in 
the North Atlantic, led by the Cunard Line, agreed to follow designated tracks which 
were essentially the ones proposed by the U. S. Navy Hydrographic Office. The lanes 
have been altered somewhat from time to time. The principal ones now in use are 
shown in figure 3611. Each lane is composed of two tracks separated by a safe distance, 
the southern track being used by eastbound vessels, and the northern one by westbound 
vessels. 

Routes A, B, and C.connect the United States and Europe, while routes D, E, F, 
and G run between Canada and Europe. Normally, route B is used between April 11 
and June 30, and route C during the remainder of the year. However, when icebergs 
are numerous south of the Grand Banks, the use of lane A is specified. This route 
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Figure 3610c.—Average iceberg conditions in the vicinity of the Grand Banks in June. 


adds 150 to 200 miles to the great-circle track, but the increased distance is acceptable 
because it improves the safety and reduces the possibility of delays due to pack ice. 
Normally, route D is used between February 15 and April 10; route H from April 11 
through May 15, and from December 1 through February 14; route / from May 16 
~ until route @ is clear, about July 1, or through November 30 if route @ is not used; 
and route G from the opening of Belle Isle Strait, about July 1, through November 14. 
Specified lanes are shown on pilot charts for the North Atlantic (H.O. Chart No. 1400). 

Variations in this schedule are specified by a designated official of the Cunard 
Line, acting upon advice from the Hydrographer of the U.S. Navy. The Hydrog- 
rapher makes his recommendation after consultation with ‘the Commandant of the 
U. S. Coast Guard, taking into account the information provided by the International 
Ice Patrol (art. 3612). Virtually all passenger liners and most freight vessels use these 
routes. 

3612. The International Ice Patrol was established in 1913 by the International 
Convention for the Safety of Life at Sea held that year as a result of the sinking of 
the SS Titanic the previous year. On its maiden voyage this vessel struck an iceberg 
and sank with the loss of 1,513 lives. In accordance with the agreement reached at 
the convention, this patrol is conducted by the U. S. Coast Guard, which each year 
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assigns vessels to remain in the vicinity of the Grand Banks during the ice season to 
observe and report ice conditions. 

During the war years of 1916-18 and 1941-45 the patrol was suspended. Follow- 
ing World War II, aircraft were added to the patrol force, and Argentia, Newfoundland, 
was established as the base of operations. Aircraft have played an increasing role in 
ice reconnaissance each year since then, and today they perform most of the 
work. Twice each day during the iceberg season an ice bulletin is broadcast from 
Argentia and printed in the Daily Memorandum of the U. S. Navy Hydrographic Office. 
Ice patrol vessels copy the broadcasts when on station and make them available to other 
ships upon request. In return for this service, all vessels in the area are requested to 
report to the patrol vessels any ice observed, and to send weather data and surface sea 
water temperature every four hours. 

When engaged in patrolling ice areas, the vessels conduct oceanographic surveys 
and maintain an up-to-date map of the currents, for use in predicting future drift of 
icebergs. Recommendations for changes in the use of lane routes (art. 3611) are based 
upon information gathered by the International Ice Patrol. 

As used by the U. S. Coast Guard, the expression “‘ice observation service’? means 
that a continuous surface vessel patrol is not in effect, ice reconnaissance being accom- 
plished chiefly by aircraft. When a continuous surface patrol is used to augment the 
ice observation service, the expression “ice patrol service” is used. 

3613. Ice detection—As a ship proceeds into higher latitudes, the first ice it 
encounters is likely to be in the form of icebergs, because such large pieces require a 
longer time to disintegrate. Icebergs can easily be avoided if detected soon enough. 
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The distance at which an iceberg can be seen depends upon the visibility, height of 
the berg, source and condition of lighting, and the observer. On a clear day with 
excellent visibility a large berg might be sighted at a distance of 18 miles. With a 
low-lying haze around the horizon this may be reduced to ten miles. In light fog or 
drizzling rain this is further reduced to one to three miles. There is a tendency to over- 
estimate the distance. 

In a dense fog a berg may not be visible until it is close aboard, when it appears 
as a luminous, white mass if the sun is shining; or as a dark, sombre mass if the sun is 
not shining. If the layer of fog is not thick, an iceberg may be sighted from aloft sooner 
than from a point lower in the vessel, but this fact should not be considered justification 
for omitting a bow lookout. 

On a clear, dark night an iceberg will seldom be picked up visually at a distance 
greater than one-fourth of a mile, but if its bearing is known, an observer with bin- 
oculars can occasionally observe a light spot where a wave breaks against it at a distance 
of a mile. 

A moon may either help or hinder, depending upon its phase and position relative 
to ship and berg. A full moon in the direction of the berg interferes with its 
detection, while light from one in the opposite direction produces a “blink” which 
renders the iceberg visible for a greater distance, possibly as much as three miles. 
Clouds, particularly broken clouds, with intermittent moonlight, add to the difficulty 
of detecting ice. 

If an iceberg is in the process of disintegration, its presence may be detected by 
the cracking sound as a piece breaks off, or by the thunderous roar as a large piece 
falls into the water. The appearance of smaller pieces of ice in the water often indicates 
the presence of an iceberg nearby. In calm weather such pieces may form a curved 
line with the parent iceberg on the concave side. Some of the pieces broken from an 
iceberg are themselves large enough to be a menace to ships. 

As the ship proceeds to higher latitudes, it eventually encounters pack ice. If the 
ice is approached from leeward, it is likely to be loose and somewhat scattered, often in 
long, narrow arms. If it is approached from windward, it is usually compact and the 
edge is sharply defined. 

One of the most reliable signs of the approach to pack ice, especially from leeward, 
is the somewhat abrupt smoothing of the sea in a fresh breeze, and the more gradual 
lessening of the swell. Abrupt changes in air or sea temperature or sea-water salinity 
are not reliable signs of the approach to either icebergs or pack ice, but if the sea 
temperature gradually drops below 32° F, the ship may be nearing an ice field. 

Another reliable sign of the approach to pack ice is the appearance of the horizon 
orsky. A yellowish glare or ice blink appears in the sky above an ice field. If clouds 
are present, the blink is whiter. Reflection of light from snow, whether on land or 
sea ice, is white and is called snow blink. In contrast, the sky above open water is 
dark. This is called water sky. Somewhat similar land sky above ice- and snow-free 
land is grayer. The combination of these various effects in the sky is called a sky map. 
One experienced in reading the sky map finds it very useful in avoiding ice or searching 
out openings which may permit his vessel to make progress while proceeding through 
an ice field. 

The presence of seals or certain types of birds may indicate the presence of ice 
nearby. It is well to observe the habits of the various species encountered. 

If aircraft or other vessels can be contacted by radio, much useful information can 
sometimes be obtained from them. Some ships, particularly icebreakers, proceeding 
into high latitudes carry helicopters, which are invaluable in locating ice and determining 
the relative navigability of different portions of it. 
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Echoes from the ship’s whistle or horn will sometimes reveal the presence of ice- 
bergs, but are useless against pack ice. Such echoes can give an indication of direction, 
and if the time interval between the sound and its echo is measured, the distance in 
feet can be determined by multiplying the number of seconds by 550. However, 
echoes are not a reliable indication because only those pieces of ice with large vertical 
areas facing the ship return enough echo to be heard, and also because echoes might be 
received from land or a fog bank. 

At relatively short ranges, sonar is sometimes helpful in locating ice. The first 
contact with icebergs may be when as much as three miles or more off, but is usually 
considerably less. Growlers may be picked up at one-half to one mile and even smaller 
pieces may be detected in time to avoid them. Since one-half to seven-eighths of the 
mass of ice is below the surface, the underwater portion presents a better target than 
the portion above water. 

Radar is highly useful in detecting ice, but is by no means infallible. Ice is a 
relatively poor radar target, and much depends upon the nature of the exposed surface. 
Icebergs with sides sloping gently toward the vessel can be seen visually long before 
they are picked up by radar, if the day is clear. One iceberg 700 feet long and 200 
feet high was reported to have been approached to within three miles before it appeared 
on the radar screen. However, the average berg is picked up at a range of eight to ten 
miles, and the large vertical-sided tabular icebergs of the antarctic are usually detected 
at ranges of 15 to 30 miles, with an extreme range of 37 miles having been reported. 
Growlers are the chief concern. While a large iceberg is almost always detected in time 
to be avoided, a growler large enough to be a serious menace may be lost in the sea 
return and escape detection altogether. If an iceberg or growler is detected, tracking is 
sometimes necessary to distinguish it from a rock, islet, or ship. 

Against sea ice, radar can be of great assistance to one experienced in interpreting 
the scope picture. Smooth sea ice, like smooth water, returns little or no echo, but 
rough, hummocky sea ice can be detected at a range of two to three miles. The re- 
turn is similar to sea return, but the same echoes appear at each sweep. A lead in 
smooth ice broken by a preceding vessel is clearly visible, even though a thin coating of 
new ice has formed in the opening. A light covering of snow obliterating many of the 
features to the eye has little effect upon a radar return. 

The ranges at which ice can be detected by radar are somewhat dependent upon 
refraction, which is sometimes quite abnormal in polar regions. Adequate training 
and experience are essential if full benefit is to be realized from radar. 

No method yet devised to detect the presence of ice is infallible, and all should be 
regarded with suspicion, although none should be overlooked. In ice, as elsewhere, 
there is no substitute for constant vigilance. 

3614. Operations in ice.—For operations in ice it is preferable to have a vessel 
designed for this purpose. Such a vessel has a heavily reinforced bow, reinforced plat- 
ing along the water line, absence of vertical sides, deep screws, blunt bow, and other 
desirable features. The full list depends upon the area of operations, kinds of ice to 
be encountered, length of stay in the vicinity of ice, anticipated assistance by icebreakers, 
and Possibly other factors. Any vessel expecting to penetrate the pack ice should as 
a minimum have reinforcement along the water line, particularly at the bow, which 
should be strengthened both inside and outside. 

Whatever the nature of the vessel, it will be subjected to various hazards which 
may cause damage. Its safety depends largely upon the thoroughness of advance 
preparations, the alertness and skill of its crew, and their ability to make repairs if 
damage is sustained. Before the ice is entered, the ship should be trimmed so as to be 
down by the stern slightly (not more than two or three feet). 
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In the vicinity of icebergs, a sharp lookout should be kept and all bergs given a 
wide berth. It is dangerous to approach close to them because of the possibility of 
encountering underwater extensions and because bergs that are disintegrating may sud- 
denly capsize or readjust their masses to new positions of equilibrium. In periods of low 
visibility the utmost caution is needed. The speed should be reduced and the watch 
prepared for quick maneuvering. 

Upon the approach to pack ice, a careful decision is needed to determine the best 
action. Often it is possible to go around the ice, rather than through it. Unless the 
pack is quite loose, this action usually gains rather than loses time. When skirting a 
field of ice or an iceberg, do so to windward, if a choice is available, to avoid 
_ projecting tongues of ice or individual pieces that have been blown away from the 
main body of ice. 

When it is considered necessary to enter pack ice, select the point of entry with 
great care. Get all available information on the nature and extent of ice and open water. 
Seek the weakest part of the ice and particularly avoid ice under pressure. If an off- 
shore wind is blowing, a relatively ice-free shore lead may be available. Enter ice from 
leeward if possible, at slow speed. Enter on a course perpendicular to the ice edge, 
avoiding projecting tongues of ice. 

Having entered the pack, always work with the ice, not against it, and keep moving, 
but do not rush the work of negotiating the pack. Patience may pay big dividends. 
Respect the ice but do not fear it. Stay in open water or areas of weak ice if possible, 
remembering that it is better to make good progress in the general direction desired 
than to fight heavy floes in the exact direction to be made good. However, avoid the 
temptation to proceed far to one side of the course. It is sometimes better to back out 
and seek a more penetrable area, being careful not to damage the screws while backing. 
Keep clear of corners and projecting points of ice. Never hit a large piece of ice if it 
can be avoided, but if it cannot be avoided, hit it head-on. Keep a sharp watch on the 
screws and rudder, fending off pieces of ice which might damage these vital parts, or 
stopping the propellers if the ice cannot be avoided. Back with extreme caution. 
Aircraft, particularly helicopters, are of great value in determining the nature and 
distribution of ice ahead. Since ice is continually shifting its position, the changing 
situation should be kept under observation and all forms of pressure avoided if possible. 
The windward side of icebergs within pack ice should be avoided because the pack ice 
usually moves with the wind, while the berg does not do so to the same extent, resulting 
in pressure on the windward side and open water to leeward. Because of its poor 
maneuverability in ice, a vessel may even be set down upon the iceberg. 

If a narrow strait or a bay is entered, an alert watch should be maintained, because 
if the wind blows directly into the confined space, drifting ice may be forced down 
upon the vessel. An increase in wind on the windward side of a prominent point, 
grounded iceberg, or land ice tongue extending into the sea may similarly endanger 
a vessel. ; 

While a ship is in pack ice, it is always in danger of being beset, or so closely sur- 
rounded by ice that steering control is lost. It may then be carried into shallow water 
or heavy ice with dangerous underwater projections. If pressure is exerted against 
the hull, the vessel is said to be nipped. When this occurs, it is in danger of being crushed. 
A ship in the ice is in constant danger of colliding with sharp pieces of ice, and while 
in the ice sharp turns to avoid such collisions may throw the stern against the ice, 
resulting in a bent or broken screw blade or propeller shaft. If a ship cannot free it- 
self by maneuvering, an explosive charge or ice saws may have to be used. Dynamite 
is the explosive usually used. If detonated while the engines are going full astern and 
a strain is taken on an ice anchor (a stockless, single-fluked hook imbedded in the ice), 
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a 2% pound charge placed in a hole cut nearly to the bottom of the ice about 35-40 
feet off the beam may help to free a beset ship. 

Attempts to clear ice jams in navigable channels by use of explosives and with the 
heat generated by thermite charges have met with some success, but the same tactics 
used against icebergs at sea have proven of little value. Icebergs in the southern 
Grand Banks area have disintegrated more rapidly when depth charges have been 
detonated against their underwater portions, but destruction by this method, as well 
as by other types of ordnance attempted, has been resisted by icebergs in higher 
latitudes. 

If an icebreaker is in the vicinity, its instructions should be followed carefully in 
all ice operations. 

Underice submarine operations require information on the thickness of ice below 
the surface as well as the extent of water openings between ice floes. While icebergs 
are believed to extend to depths of nearly 1,000 feet, ice hummocks between floes of 
polar ice may extend 150 feet below sea level. Submarine navigation thus involves 
vertical positioning as well as dead reckoning considerations, plus the necessity of 
finding open water or thin ice for surfacing purposes. 

Only the basic principles of operating in ice have been given. Before entering 
areas of ice, those responsible for the maneuvering of a ship should become well ac- 
quainted with the experience of others who have operated in ice, especially those who 
have been in the same area. Some of this information is to be found in various volumes 
of sailing directions, particularly those for Antarctica (H.O. Pub. No. 27), and ad- 
ditional information is available at the U.S. N avy Hydrographic Office. 

3615. Ice observing and forecasting —Advance knowledge of ice conditions to 
be encountered is valuable in both planning and operational phases of any program to 
be conducted in high latitudes. Through the cooperation of observers aboard ship, 
in the air, and on land, the U. S. Navy Hydrographic Office collects and analyzes ice 
data in the arctic, and distributes ice information in the form of ice bulletins as part of 
regularly scheduled broadcasts. 

For this program to be fully effective, it is essential that all vessels and air units 
operating in ice areas cooperate by submitting reports. To assist in this program, and 
to provide uniformity in reporting procedure, the U. S. N avy Hydrographic Office has 
published an observer’s manual, H.O. Pub. No. 606-d, Ice Observations; H.O. Pub. 
No. 609, A Punetional Glossary of Ice Terminology; and convenient ice log forms for 
recording the observations. When filled in, the log sheets are mailed to the U. S. 
Navy Hydrographic Office, Washington, D. C., and certain reports are sent by radio. 
The mariner who regularly sends complete reports can contribute to an increase in 
knowledge of ice conditions and to the accuracy and completeness of ice bulletins. 

In addition to its ice bulletins, the U. S. N avy Hydrographic Office is developing 


techniques for forecasting ice growth and thickness, movement and concentration and 
melting and break-up. 
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CHAPTER XXXVII 
WEATHER OBSERVATIONS 


3701. Introduction.—Weather forecasts are generally based upon information 
acquired by observations made at a large number of stations. Ashore, these stations 
are located so as to provide adequate coverage of the area of interest. Most ob- 
servations at sea are made by mariners, wherever they happen to be. Since the number 
of observations at sea is small compared to the number ashore, marine observations 
are of importance in areas where little or no information is available from other sources. 
Results of these observations are recorded in the deck log (art. 3726), or other appro- 
priate form. Data recorded by designated vessels are sent by radio to centers ashore, 
where they are plotted, along with other observations, to provide data for drawing 
synoptic charts (art. 3827). These charts are used to make forecasts. Complete 
weather information gathered at sea is mailed to the appropriate meteorological serv- 
ices for use in the preparation of weather atlases and in marine climatological studies. 

The analysis of the weather map can be no better than the weather reports used 
for making the map. A knowledge of weather elements and the instruments used to 
measure them is therefore of importance to the mariner who hopes to benefit from 
weather forecasts. 

Instruments of various types have been developed to aid in making weather ob- 
servations. Some have been in use for many years, while others have been developed 
only recently. Electronic devices have aided materially, but the full impact of elec- 
tronics upon meteorology has not yet been felt. Several new types of electronic weather 
instruments are in various stages of development. 

3702. Atmospheric pressure measurement.—The sea of air surrounding the earth 
exerts a pressure of about 14.7 pounds per square inch on the surface of the earth. This 
atmospheric pressure, sometimes called barometric pressure, varies from place to 
place, and at the same place it varies with time. 

Atmospheric pressure is one of the basic elements of a meteorological observation. 
When the pressure at each station is plotted on a synoptic chart, lines of equal at- 
mospheric pressure, called isobars, are drawn to indicate the areas of high and low 
pressure and their centers. These are useful in making weather predictions, because 
certain types of weather are characteristic of each type area, and often the wind 
patterns over large areas are deduced from the isobars. 

Atmospheric pressure is measured by means of a barometer. A mercurial barom- 
eter does this by balancing the weight of a column of air against that of a column of 
mercury. The aneroid barometer has a partly evacuated, thin-metal cell which is 
compressed by atmospheric pressure, the amount of the compression being related to 
the pressure. 

Early mercurial barometers were calibrated to indicate the height, usually in inches 
or millimeters, of the column of mercury needed to balance the column of air above the 
point of measurement. While the units inches of mercury and millimeters of mercury 
are still widely used, many modern barometers are calibrated to indicate the centimeter- 
gram-second unit of pressure, the millibar, which is equal to 1,000 dynes per square 
centimeter. A dyne is the force required to accelerate a mass of one gram at the 


rate of one centimeter per second per second. A reading in any of the three units 
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of measurement can be converted to the equivalent 
reading in either of the other units by means of table 
14, or the conversion factors given in appendix D. 

3703. The mercurial barometer was invented by 
Evangelista Torricelli in 1643. In its simplest form 
it consists of a glass tube a little more than 30 inches 
in length and of uniform internal diameter; one 
end being closed, the tube is filled with mercury, and 
inverted into a cup of mercury. The mercury in the 
tube falls until the column is just supported by the 
pressure of the atmosphere on the open cup, leaving a 
vacuum at the upper end of the tube. The height of 
the column indicates atmospheric pressure, greater 
pressures supporting higher columns of mercury. A 
shipboard type is shown in figure 3703. 

The mercurial barometer is subject to rapid vari- 
ations in height, called pumping, due to pitch and 
roll of the vessel and temporary changes in atmos- 
pheric pressure in the vicinity of the barometer. 
Because of this, the care required in the reading of 
the instrument, its bulkiness, and its vulnerability to 
physical damage, the mercurial barometer has been 
largely replaced at sea by the aneroid barometer. 

3704. The aneroid barometer (fig. 3704) meas- 
ures atmospheric pressure by means of the force 
exerted by the pressure on a partly evacuated, thin- 
metal element called a sylphon cell. A small spring is 
used, either internally or externally, to partly coun- 
teract the tendency of the atmospheric pressure to 
Fieve 703A’ ‘shipboard—type crush the cell. Atmospheric pressure is indicated 

mercurial barometer. directly by a scale and a pointer connected to the 

cell by a combination of levers. The linkage pro- 

vides considerable magnification of the slight motion of the cell, to permit readings 
to higher precision than could be obtained without it. 

An aneroid barometer should be mounted permanently. Prior to installation, the 
barometer should be carefully set to station pressure (art. 3706). An adjustment 
screw is provided for this purpose. The error in the reading of the instrument is 
determined by comparsion with a mercurial barometer or a standard precision aneroid 
barometer. If a qualified meteorologist is not available to make this adjustment, it is 
good practice to remove only one-half the apparent error. The case should then be 
tapped gently to assist the linkage to adjust itself, and the process repeated. If the 
remaining error is not more than half a millibar (0.015 inch), no attempt should be 
made to remove it by further adjustment. Instead, a correction should be applied to 
the readings. The accuracy of this correction should be checked from time to time. 

A precision aneroid barometer used at weather stations ashore, and for comparison 
of shipboard instruments, is constructed and tested to more exacting tolerances than 
the ordinary barometer, and provides readings to greater accuracy. 

3705. The barograph (fig. 3705) is a recording barometer. Basically, it is the 
same as a nonrecording aneroid barometer except that the pointer carries a pen at its 
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Figure 3704.—An aneroid barometer. 
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Figure 3705.—A barograph. 
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outer end, and the scale is replaced by a slowly rotating cylinder around which a 
prepared chart is wrapped. A clock mechanism inside the cylinder rotates the cylinder 
so that a continuous line is traced on the chart to indicate the pressure at any time. 

A microbarograph is a precise barograph with greater magnification of deforma- 
tions due to pressure changes, and a correspondingly expanded chart. Two sylphon 
cells are used, one being mounted over the other in tandem. Minor fluctuations due to 
shocks or vibrations are eliminated by damping. Since oil-filled dashpots are used for 
this purpose, the instrument should not be inverted. 

The barograph is usually mounted on a shelf or desk in a room open to the atmos- 
phere, and in a location which minimizes the effect of the ship’s vibration. Shock- 
absorbing material such as sponge rubber is placed under the instrument to minimize 
the transmission of shocks. 

The pen should be checked and the inkwell filled each time the chart is changed, 
every week in the case of the barograph, and each four days in the case of the micro- 
barograph. The dashpots of the microbarograph should be kept filled with dashpot 
oil to within three-eighths inch of the top. 

Both instruments require checking from time to time to insure correct indication 
of pressure. The position of the pen is adjusted by a small knob provided for this 
purpose. The adjustment should be made in stages, eliminating half the apparent 
error, tapping the case to insure linkage adjustment to the new setting, and then 
repeating the process. 

3706. Adjustment of barometer readings.—Atmospheric pressure as indicated by 
a barometer or barograph may be subject to several errors, as follows: 

Instrument error. Any inaccuracy due to imperfection or incorrect adjustment 
of the instrument can be determined by comparison with a standard instrument. The 
U. S. Weather Bureau provides a comparison service. In certain ports a repre- 
sentative brings a standard barometer on board ships which participate in the 
cooperative observation program of that Bureau. If a barometer is taken to the 
Weather Bureau, comparison can be made there. The correct sea-level pressure can 
be obtained by telephone. The shipboard barometer should be corrected for height, 
as explained below, before comparison with this telephoned value. If there is reason 
to believe that the barometer is in error, it should be compared with a standard, and 
if an error is found, the barometer should be adjusted to the correct reading, or a 
correction applied to all readings. 

Height error. Since atmospheric pressure is caused by the weight of air above 
the place, the pressure decreases as height increases. The correct value at the barometer 
is called station pressure. Isobars adequately reflect wind conditions and geographic 
distribution of pressure only when they are drawn for pressure at constant height (or 
the varying height at which a constant pressure exists). On synoptic charts it is 
customary to show the equivalent pressure at sea level, called sea level pressure. This 
is found by applying a correction to station pressure. The correction, given in table 
11, depends upon the height of the barometer and the average temperature of the air 
between this height and the surface. The outside air temperature taken aboard ship is 
sufficiently accurate for this purpose. This is an umportant correction which should be 
applied to all readings of any type barometer. 

Gravity error. Mercurial barometers are calibrated for standard sea-level gravity 
at latitude 45°32’40”. If the gravity differs from this amount, an error is introduced. 
The correction to be applied to readings at various latitudes is given in table 12. This 
correction does not apply to readings of an aneroid barometer. Gravity also changes with 
height above sea level, but the effect is negligible for the first few hundred feet, and 
so is not needed for readings taken aboard ship. 
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Temperature error. Barometers are calibrated at a standard temperature of 32°F. 
The liquid of a mercurial barometer expands as the temperature of the mercury rises, 
and contracts as it decreases. The correction to adjust the reading of the instrument 
to the true value is given in table 13. This correction is to be applied to readings of 
mercurial barometers only. Modern aneroid barometers are compensated for tempera- 
ture changes by the use of different metals having unequal coefficients of linear 
expansion. 

3707. Determination of height by barometer.—Since atmospheric pressure is re- 
lated to height, a barometer can be used to determine height. This is the principle 
of the barometric altimeter commonly used in aircraft. 

Ordinary barometers can be used for determination of height difference, a problem 
which often arises in surveying. Simultaneous pressure and temperature readings 
should be made at both places (heights), if practicable. If this cannot be done, and 
more than a few minutes will elapse between readings, better values can be obtained 
by making a reading at the first height, then at the second, and then returning and 
making another reading at the first station, with approximately equal time intervals 
between readings. The average of the two readings at the first station is used. All 
appropriate corrections should be applied except that for height. If P,; and P, are the 
atmospheric pressures at the two heights, the difference in height can be computed 
by Babinet’s formula: 

Pi~Ps 
Pees 


Diff. in height=C X 


If T, and T, are the air temperatures at the two places in degrees Fahrenheit, and 
difference in height is in feet, 

de Seed bs Eset ay 
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If temperature is in degrees Celsius (centigrade), and difference in height is in meters, 
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For differences of not more than a few hundred feet, approximate results can be 
obtained by dividing the pressure difference in inches by 0.0011 inch, to obtain the 
answer in feet. This is almost the same as multiplying the pressure difference in 
hundredths of an inch by nine. For large differences, Babinet’s formula is not strictly 
accurate, although the results should meet most requirements. 

3708. Wind measurement consists of determination of the direction from which 
the wind is blowing, and the speed of the wind. Wind direction is measured by a 
wind vane, and wind speed by an anemometer. 

A wind vane consists of a device pivoted on a vertical shaft, with more surface 
area on one side of the pivot than on the other, so that the wind exerts more force on 
one side, causing the smaller end to point into the wind. An indicator may be con- 
nected to the shaft to provide continuous measurement of wind direction. 

In its simplest form, an anemometer consists of a number of cups mounted on 
short horizontal arms attached to a longer vertical shaft which rotates as the wind 
blows against the cups. The speed at which the shaft rotates is directly proportional 
to the wind speed. The number of rotations may be indicated by a counter or by 
marks on a revolving drum, or the speed may be indicated directly by a device similar 
to an automobile speedometer. Still another method is to connect a buzzer or flashing 
light so calibrated that the number of signals per unit time is the speed in knots or 
miles per hour. 
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The standard anemometer used aboard ship has three cups. Some anemometers 
have four cups, and certain naval vessels use a type called the bridled cup anemometer, 
which has a large number of cups mounted on a shaft which does not rotate freely. 
An anemometer which uses a propeller as the rotor to measure wind speed, and has a 
streamlined, tail-type vane to indicate direction, is being installed on some ships. Sim- 
ilar equipment is used ashore, customarily mounted on a guyed mast 13 feet high. 
Wind direction is transmitted to an indicator or recorder by a synchronous motor, 
while wind speed is transmitted as a voltage generated by a direct-current magneto 
driven by the propeller. A synchro system is connected to some wind-measuring 
equipment to provide remote indication of the velocity (both direction and speed). 
Lightweight, portable, hand-held instruments for measuring and indicating wind speed 
in knots are used on some ships, principally aircraft carriers. 

Several types of wind speed and direction recorders are available. Each instru- 
ment is normally supplied with a description and complete operating instructions. 

If no anemometer is available, wind speed can be estimated by its effect upon the 
sea and objects in its path, as explained in article 3710. 

Measurement of winds aloft is discussed in articles 3717-3722. 

3709. True and apparent wind.—An observer aboard a vessel proceeding through 
still air experiences an apparent wind which is from dead ahead and has an apparent 
speed equal to the speed of the vessel. Thus, if the actual or true wind is zero and 
the speed of the vessel is ten knots, the apparent wind is from dead ahead at ten knots. 
If the true wind is from dead ahead at 15 knots, and the speed of the vessel is ten knots, 
the apparent wind is 15+10=25 knots from dead ahead. If the vessel makes a 180° 
turn, the apparent wind is 15—10=5 knots from dead astern. 

In any case, the apparent wind is the vector sum (art. 018) of the true wind and 
the reciprocal of the vessel’s course and speed vector. Since wind vanes and anemom- 
eters measure apparent wind, the usual problem aboard a vessel equipped with an 
anemometer is to convert this to true wind. There are several ways of doing this. 
Perhaps the simplest is by the graphical solution illustrated in the following example: 

Example 1.—A ship is proceeding on course 150° at a speed of 17 knots. The 
apparent wind is from 40° off the starboard bow, speed 15 knots. 

Required.—The relative direction, true direction, and speed of the true wind. 

Solution (fig. 3709a).—Starting at the center of a maneuvering board (art. 1212) 
or other suitable form, draw a line in the relative direction from which the apparent 
wind is blowing. Locate point 1 on this line, at a distance from the center equal to 
the speed of the apparent wind (2:1 scale is used in figure 3709a). From point 1, 
draw a line vertically downward. Locate point 2 on this line at a distance from point 
1 equal to the speed of the vessel in knots, to the same scale as the first line. The 
relative direction of the true wind is from point 2 (120°) toward the center, and the 
speed of the true wind is the distance of point 2 from the center, to the same scale 
used previously (11 kn.). The true direction of the wind is the relative direction plus 
the true heading, or 120°+150°=270°. 

Answers.—True wind from 120° relative, 270° true, at 11 knots. 

A quick solution can be made without an actual plot, in the following manner: 
On a maneuvering board (H.O. 2665-10), label the circles 5, 10, 15, 20, etc., from the 
center, and draw vertical lines tangent to these circles. Cut out the 5:1 scale and 
discard that part having graduations greater than the maximum speed of the vessel. 
Keep this equipment for all solutions. (For durability, the two parts can be mounted 
on cardboard or other suitable material.) To find true wind, spot in point 1 by eye. 
Place the zero of the 5:1 scale on this point and align the scale (inverted) by means of 
the vertical lines. Locate point 2 at the speed of the vessel as indicated on the 5:1 
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Ficure 3709a.—Finding true wind by maneuvering board. 


scale. It is always vertically below point 1. Read the relative direction and the speed 
of the true wind using eye interpolation if needed. The U.S. Weather Bureau dis- 
tributes a wind vector computer called a Shipboard Wind Plotter (fig. 3709b). Solution 
by means of this plotter is illustrated in the following example: 

Example 2.—A ship is proceeding on course 270° at a speed of 14.5 knots. The 
apparent wind is from 40° off the starboard bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
U.S. Weather Bureau Shipboard Wind Plotter. 

Solution (fig. 3709b).—The true direction of the apparent wind is determined by 
adding the apparent wind direction to the ship’s heading if the wind is from off the 
starboard bow and subtracting the apparent wind direction if the wind is from off the 
port bow. In this example, the true direction of the apparent wind is 310°. In this 
solution the red arrowhead is considered the top of the plotter. Set ship’s course, 270°, 
to the top of the plotter by rotating the protractor disk to set 270° at the red arrow. 
Using a convenient linear scale, measure vertically downward from the center peg of the 
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plotting board a distance equivalent to 14.5 knots. Mark this point ‘“S” for ship. 
Rotate the protractor disk of the plotting board until 310° is at the red arrowhead at 
the top of the plotting board. Using the same linear scale as for ship’s speed, plot 
vertically downward from the center peg of the plotting board a distance equivalent to 
20 knots. Mark this point ‘‘W”. Rotate the protractor disk until the ‘‘S’”’ is vertically 
above the ‘‘W”’, using the vertical lines on the plotting board to line.up the two points. 
Read the true wind direction at the top of the plotting board. The distance between 
points “‘S” and ‘‘W” is the true wind speed, using the same scale as in plotting points 
SOY and COV 225 
Answers.—True wind direction is 357°, true wind speed is 13 knots. 
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Ficure 3709b.—Finding true wind by Weather Bureau Shipboard Wind Plotter. 
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Such problems can be solved by the use of true directions and a regular vector 
solution, but the use of relative directions simplifies the plot because that component 
of the apparent wind due to the vessel’s motion is always parallel (but reversed) to 
the vessel’s motion, and the apparent wind is always forward of the true wind. 

A tabular solution based upon the same principle can be made by means of table 
10. The entering values for this table are the apparent wind speed in units of ship’s 
speed, and the difference between the heading and the apparent wind direction. The 
values taken from the table are the relative direction (right or left) of the true wind, 
and the speed of the true wind in units of ship’s speed. If a vessel is proceeding at 12 
knots, six knots constitutes one-half (0.5) unit, 12 knots one unit, 18 knots 1.5 units, 24 
knots two units, ete. 

Example 3.—A ship is proceeding on course 270° at a speed of ten knots. The 
apparent wind is from 10° off the port bow, speed 30 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
table 10. 

Solution.—The apparent wind speed is = 3.0 ship’s speed units. Enter table 
10 with 3.0 and 10° and find the relative direction of the true wind to be 15° off the 
port bow (345° relative), and the speed to be 2.02 times the ship’s speed, or 2.02 * 10=20 
knots, approximately. The true direction is 345°+270°=255°. 

Answers.—True wind from 345° relative, 255° true, at 20 knots. 

By variations of this problem, one can find the apparent wind from the true wind, 
the course or speed required to produce an apparent wind from a given direction or 
speed, or the course and speed to produce an apparent wind of a given speed from a 
given direction. Such problems arise in aircraft carrier operations. 

Wind speed determined by appearance of the sea (art. 3710) is the speed of the true 
wind. The sea also provides an indication of the direction of the true wind, because 
waves move in the same direction as the generating wind, not being deflected by earth 
rotation (art. 3302). If a wind vane is used, the direction of the apparent wind thus 
determined can be used with the speed of the true wind to determine the direction 
of the true wind by vector diagram. If a maneuvering board is used, draw a circle 
about the center equal to the speed of the true wind. From the center, plot the ship’s 
vector (true course and speed). From the end of this vector draw a line in the direction 
in which the apparent wind is blowing (reciprocal of the direction from which it is 
blowing) until it intersects the speed circle. This line is the apparent wind vector, its 
length denotes the speed. A line from the center of the board to the end of the ap- 
parent wind vector is the true wind vector. The reciprocal of this vector is the direction 
from which the true wind is blowing. If the true wind speed is less than the speed of 
the vessel, two solutions are possible. If solution is by table 10, the true speed, in units 
of ship’s speed, is found in the column for the direction of the apparent wind. The 
number to the left is the relative direction of the true wind. - The number on the same 
line in the side columns is the speed of the apparent wind in units of ship’s speed. 
Again, two solutions are possible if true wind speed is less than ship’s speed. 

3710. Wind and the sea.—The action of the wind in creating ocean currents and 
waves is discussed in chapters XXXII and XXXIII, respectively. There is a relation- 
ship between the speed of the wind and the state of the sea in the immediate vicinity 
of the wind. This is useful in predicting the sea conditions to be anticipated when 
future wind speed forecasts are available. It can also be used to estimate the speed of 
the wind, which may be desirable when an anemometer is not available. 
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Wind speeds are usually grouped in accordance with the Beaufort scale named after 
Admiral Sir Francis Beaufort, who devised it in 1806. As adopted in 1838, Beaufort 
numbers ranged from 0, calm, to 12, hurricane. They have now been extended to 
17. The Beaufort scale, with certain other pertinent information, is given in appen- 
dix R. The appearance of the sea at different Beaufort scale numbers from 0 through 
12 is shown in figures 3710a through 3710m. 


Ficure 3710a.— Beaufort scale 0. 


Ficur& 3710c.—Beaufort scale 2. FicureE 3710d.—Beaufort scale 3. 


Ficure 3710g.—Beaufort scale 6. Figure 3710h.—Beaufort scale 7. 
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Figure 3710i.—Beaufort scale 8. Ficure 3710j.—Beaufort scale 9. 


Ficure 3710k.—Beaufort scale 10. Ficure& 37101.—Beaufort scale 11. 


Figure 3710m.—Beaufort scale 12. 


3711. Temperature is the intensity or degree of heat. It is measured in degrees. 
Several different temperature scales are in use. 

On the Fahrenheit (F) scale commonly used in the United States and other 
English-speaking countries, pure water freezes at 32° and boils at 212°. 

On the Celsius (C) scale commonly used with the metric system, the freezing 
point of pure water is 0° and the boiling point is 100°. This scale has been known by 
various names in different countries. In the United States it was formerly called the 
centigrade scale. The Ninth General Conference of Weights and Measures, held in 
France in 1948, adopted the name Celsius to be consistent with the naming of other 
temperature scales after their inventors, and to avoid the use of different names in 
different countries. On the original Celsius scale, invented in 1742 by a Swedish 
astronomer named Anders Celsius, the numbering was the reverse of the modern scale, 
0° representing the boiling point of water, and 100° its freezing point. 

Réaumur temperature is based upon a scale in which water freezes at 0° and boils 
at 80°. 

Absolute zero is considered to be the lowest possible temperature, at which there 
is no molecular motion and a body has no heat. For some purposes, it is convenient to 
express temperature by a scale at which 0° is absolute zero. This is called absolute 
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temperature. If Fahrenheit degrees are used, it may be called Rankine (R) temperature; 
and if Celsius, Kelvin (K) temperature. The Kelvin scale is more widely used than 
the Rankine. Absolute zero is at (—)459°67 F or (—) 273°15C. 

Temperature by one scale can be converted to that at another by means of the 
relationship that exists between the scales. Thus, 


5 
C=9(F—32) 
and 
F=20+32, 


A temperature of (—)40° is the same by either the Celsius or Fahrenheit scale. Similar 
formulas can be made for conversion of other temperature scale readings. Table 15 
gives the equivalent values of Fahrenheit, Celsius, and Kelvin temperatures. 

The intensity or degree of heat (temperature) should not be confused with the 

amount of heat. If the temperature of air or some other substance is to be increased 
(the substance made hotter) by a given number of degrees, the amount of heat that 
must be added is dependent upon the amount of the substance to be heated. Also, 
equal amounts of different substances require the addition of unequal amounts of heat 
to effect equal increase in temperature because of their difference of specific heat 
(art. 3012). Units used for measurement of amount of heat are the British thermal 
unit (BTU), the amount of heat needed to raise the temperature of one pound of water 
one degree Fahrenheit; and the calorie, the amount of heat needed to raise the tem- 
perature of one gram of water one degree Celsius. 
3712. Temperature measurement is made by means of a thermometer. Most 
thermometers are based upon the principle that materials expand with increase of tem- 
perature, and contract as temperature decreases. In its most usual form (fig. 3712a) 
a thermometer consists of a bulb filled with mercury and connected to a tube of very 
small cross-sectional area. The mercury only partly fills the tube. In the remainder 
is a vacuum created during construction of the instrument. The air is driven out by 
boiling the mercury, and the top of the tube is then sealed by aflame. As the mercury 
expands or contracts with changing temperature, the length of the mercury column in 
the tube changes. Temperature is indicated by the position of the top of the column 
of mercury with respect to a scale etched on the glass tube or placed on the thermom- 
eter support. 

A maximum thermometer has a constriction in the tube, near the bulb. As tem- 
perature increases, the expanding mercury is forced past the constriction, but will not 
return as temperature decreases. Thus, it indicates the highest temperature which 
has occurred since the last setting. This principle is utilized in clinical thermometers, 
used for measuring body temperature. The mercury can be forced back into the bulb 
by centrifugal force applied by swinging the arm rapidly. Meteorologists have a 
device called a “Townsend support?’ for accomplishing this with less effort and less 
possibility of breakage. 

A minimum thermometer (fig. 3712b) uses alcohol instead of mercury. The 
upper part of the tube contains air under slight pressure, to prevent evaporation of 
the alcohol with resultant “breaks” in the column as the alcohol later condenses. The 
thermometer contains an index which is so constructed as to allow alcohol to flow past 
it up the tube with rising temperatures, but which moves downward in the tube if the 
temperature falls below it, being drawn down by the effect of surface tension exerted 
by the bottom of the meniscus (curved upper surface) of the column of alcohol as it 
reaches the index. Due to this effect, the index remains at the lowest temperature 
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Figure 3712b.—A minimum thermometer. 
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which has occurred since the last setting. Setting is accomplished by tilting the ther- 
mometer until the bulb is uppermost, when the index returns to the current tempera- 
ture. The thermometer is normally maintained at an angle of about 5° to the hori- 
zontal, with the bulb at the lower end. A Townsend support is used for this purpose. 

Temperature can be measured by means of a thermograph (fig. 3712c), which 
is a recording thermometer. In its outward appearance this instrument is similar to a 
barograph (fig. 3705). The pen arm is connected, through a linkage, to the ther- 
mometric element, which usually consists of a metal tube shaped in the form of an 
arc and containing alcohol. As the alcohol expands with temperature increase, it 
tends to straighten the tube; and as the temperature decreases, the contracting alcohol 
permits the tube to resume its curved shape. The linkage magnifies these variations 
and transmits them to the pen, which records the temperature on a chart placed around 
a clock-driven, revolving cylinder. 

The freezing point of mercury is about (—)38°F. Various substances are used 
to measure lower temperatures, the most common being some form of alcohol, which 
has a freezing point well below (—)100°F. For even lower temperatures, below those 
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ever recorded in the atmosphere, gas may be used instead of a liquid. Thermometers 
based upon other principles, such as unequal expansion of dissimilar metals, melting 
point of a substance, color, etc., are sometimes used, particularly for temperatures 
considerably higher or much lower than those occurring in the atmosphere. 

Temperature measuring equipment should be placed in a shelter which protects 
it from mechanical damage and direct rays of the sun. The shelter should have louvered 
sides to permit free access of air. Aboard ship, the shelter should be placed in an 
exposed position as far as practicable from metal bulkheads. On vessels where shelters 
are not available, the temperature measurement should be made in shade at an exposed 
position on the windward side. 

Sea water temperature is normally measured at the condenser intake. Although 
this is not a true measure of surface water temperature, the error is generally small. 
Measurement should be made near the entrance of the intake. 

If the temperature of the water at the surface is desired, a sample should be ob- 
tained by bucket, preferably a canvas bucket, from a forward position well clear of any 
discharge lines. The sample should be taken immediately to a place where it is shel- 
tered from wind and sun. The water should then be stirred with the thermometer, 
keeping the bulb submerged, until an essentially constant reading is obtained. 

3713. Humidity is the condition of the atmosphere with reference to its water 
vapor content. Absolute humidity is a measure of the mass of vapor per unit volume 
of air. Relative humidity is the ratio (stated as a percentage) of the existing vapor 
pressure to the vapor pressure corresponding to saturation at the prevailing tempera- 
ture and atmospheric pressure. This is very nearly the ratio of the amount of water 
vapor present to the amount that the air could hold at the same temperature and 
pressure if it were saturated. 

As air cools, its capacity for holding water vapor decreases. Therefore, as air 
temperature decreases, the relative humidity increases. At some point, saturation 
takes place, and any further cooling results in condensation of some of the moisture. 
The temperature at which this occurs is called the dew point, and the moisture deposited 
upon natural objects is called dew if it forms in the liquid state, or frost if it forms in 
the frozen state. 

The same process causes moisture to form on the outside of a container of cold 
liquid, the liquid cooling the air in the immediate vicinity of the container until it 
reaches the dew point. When moisture is deposited on man-made objects, it is usually 
called sweat. It occurs whenever the temperature of a surface is lower than the dew 
point of the air in contact with it. It is of particular concern to the mariner because 
of its effect upon his instruments, and possible damage to his ship or its cargo. Lenses 
of optical instruments may sweat, usually with such small droplets that the surface 
has a “frosted” appearance. When this occurs, the instrument is said to “fog” or 
“fog up,” and is useless until the moisture is removed. Damage is often caused by 
corrosion or direct water damage when pipes sweat and drip, or when the inside of the 
shell plates of a vessel sweat. Cargo may sweat if it is cooler than the dew point of 
the air. One of the principal problems of preserving ships of the reserve fleet is the 
protection against moisture. An important step is the draining of all water, sealing 
of compartments, and drying of the air. 

Clouds and fog form by “sweating” of minute particles of dust, salt, ete., in the air. 
Each particle forms a nucleus around which a droplet of water forms. If air is completely 
free from solid particles on which water vapor may condense, the extra moisture remains 
in the vapor state, and the air is said to be supersaturated. 

Relative humidity and dew point are measured by means of a hygrometer. The 
most common type, called a psychrometer, consists of two thermometers mounted 
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together on a single strip of material, as shown in figure 3713. One of the thermometers 
is mounted a little lower than the other, and has its bulb covered with muslin. When 
the muslin covering is thoroughly moistened and the thermometer well ventilated, 
evaporation cools the bulb of the thermometer, causing it to indicate a lower reading 
than the other. A sling psychrometer, illustrated in figure 3713, is ventilated by 
whirling the thermometers. Some psychrometers use a fan. Dry-bulb temperature 
is indicated by the uncovered dry-bulb thermometer, and wet-bulb temperature is 
indicated by the muslin-covered wet-bulb thermometer. The difference between 
these two temperatures, and the dry-bulb temperature, are used to enter psychrometric 
tables to find the relative humidity (tab. 16) and dew point (tab. 17). If the wet- 
bulb temperature is above freezing, reasonably accurate results can be obtained by a 
psychrometer consisting of wet- and dry-bulb thermometers mounted so that air can 
circulate freely around them without special ventilation. This type of installation 
is common aboard ship. 

Example.—The dry-bulb temperature is 65°F and the wet-bulb temperature is 
G12 i. 

Required.—(1) Relative humidity, (2) dew point. 

Solution —The difference between readings is 4°. Entering table 16 with this 
value and a dry-bulb temperature of 65°, the relative humidity is found to be 80 
percent. From table 17 the dew point is found to be 58°. 

Answers.—(1) Relative humidity 80 percent, (2) dew point 58°. 

A recording hygrometer, called a hygrograph, provides a continuous record of rela- 
tive humidity. In outward appearance this instrument is similar to a barograph (fig. 
3705) and a thermograph (fig. 3712c), using the same clock movement and chart 
cylinder. The measuring element, however, generally consists of a number of strands 
of human hair separated into groups kept apart by a spreader device. The hairs are 
kept taut by a counterbalance. As the relative humidity rises, the hairs increase in 
length, and as the relative humidity falls, they decrease in length. A linkage magnifies 
these changes and transmits them to a pen which records the relative humidity on a 
chart placed around the clock-driven, revolving cylinder. The hygrograph is a con- 
venient device, but lacks accuracy, lags considerably behind changes in relative humid- 
ity, and is not reliable at low temperatures. It requires frequent calibration. 

A hygrothermograph combines the features of both the hygrograph and the thermo- 
graph, providing a continuous record of both relative humidity and air temperature 
for seven days on a single chart. It has the same limitations as the hygrograph and 
the thermograph and its indications should be checked daily by psychrometer and 
thermometer. 

3714. Clouds are visible assemblages of numerous tiny droplets of water, or ice 
crystals, formed by condensation of water vapor in the air, with the bases of the assem- 
blages above the surface of the earth. Fog is a similar assemblage in contact with the 
surface of the earth. 
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The shape, size, height, thickness, and nature of a cloud depend upon the conditions 


under which itis formed. Therefore, clouds are indicators of various processes occurring 


in the atmosphere. The ability to recognize different types and a knowledge of the 
conditions associated with them are useful in predicting future weather. 

Although the variety of clouds is virtually endless, they may be classified according 
to general type. Clouds are grouped generally into four ‘families’ according to some 
common characteristic. High clouds are those having a mean lower level above 20,000 
feet. They are composed principally of ice crystals. Middle clouds have a mean level 
between 6,500 and 20,000 feet. They are composed largely of water droplets, although 
the higher ones have a tendency toward ice particles. Low clouds have a mean upper 
level of less than 6,500 feet. These clouds are composed entirely of water droplets. 
Clouds with vertical development are a distinctive group formed by rising air which is 
cooled as it reaches greater heights. When it reaches the height of the dew point, 
Some of its water vapor condenses. Therefore, the bottoms of such clouds are 
usually flat. Clouds with vertical development may begin at almost any level, but 
generally within the low cloud range. They may extend to great heights, well above 
the lower limit of high clouds. They form as water droplets, but toward the top 
they may freeze. 

Within these four families are ten principal cloud types. The names of these are 
composed of various combinations and forms of the following basic words, all from 
Latin: 

Cirrus, meaning “‘curl.’’ 

Cumulus, meaning ‘“‘heap.”’ 

Stratus, meaning “layer.”’ 

Alto, meaning “‘high.”’ 

Nimbus, meaning “‘rain.”’ 

The first three are the basic cloud types. Individual cloud types recognize certain 
characteristics, variations, or combinations of these. The ten principal cloud types are: 

High clouds. Cirrus (Ci) are detached high clouds of delicate and fibrous appear- 
ance, without shading, generally white in color, and often of a silky appearance (figs. 
3714a and 3714d). Their fibrous and feathery appearance is due to the fact that they 
are composed entirely of ice crystals. Cirrus appear in varied forms such as isolated 
tufts; long, thin lines across the sky; branching, feather-like plumes; curved wisps which 
may end in tufts, ete. These clouds may be arranged in parallel bands which cross the 
sky in great circles and appear to converge toward a point on the horizon. This may 
indicate, in a general way, the direction of a low pressure area. Cirrus may be brilliantly 
colored at sunrise and sunset. Because of their height, they become illuminated be- 
fore other clouds in the morning, and remain lighted after others at sunset. Cirrus 
are generally associated with fair weather, but if they are followed by lower and thicker 
clouds, they are often the forerunner of rain or snow. 

Cirrocumulus (Ce) are high clouds composed of small white flakes or scales, or of 
very small globular masses, usually without shadows and arranged in groups or lines, 
or more often in ripples resembling those of sand on the seashore (fig. 3714b). One 
form of cirrocumulus is popularly known as “mackerel sky’’ because the pattern re- 
sembles the scales on the back of a mackerel. Like cirrus, cirrocumulus are composed 
of ice crystais and are generally associated with fair weather, but may precede a storm 
if they thicken and lower. They may turn gray and appear hard before thickening. 

Cirrostratus (Cs) are thin, whitish, high clouds (fig. 3714¢) sometimes covering the 
sky completely and giving it a milky appearance and at other times presenting, more 
or less distinctly, a formation like a tangled web. The thin veil is not sufficiently dense 
to blur the outline of sun or moon. However, the ice crystals of which the cloud is 
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Ficure 3714a.— Cirrus. Figure 3714b.—Cirrocumulus. 


Figure 3714c.—Cirrostratus. Figure 3714d.—Cirrus and cirrostratus. 


composed refract the light passing through in such a way that halos (art. 3819) may 
form with the sun or moon at the center. Figure 3714d shows cirrus thickening and 
changing into cirrostratus. In this form it is popularly known as “‘mares’ tails.” If it 
continues to thicken and lower, the ice crystals melting to form water droplets, the 
cloud formation is known as altostratus. When this occurs, rain may normally be 
expected within 24 hours. The more brushlike the cirrus when the sky appears as in 
figure 3714d, the stronger the wind at the level of the cloud. 

Middle clouds. Altocumulus (Ac) are middle clouds consisting of a layer of large, 
ball-like masses that tend to merge together. The balls or patches may vary in thick- 
ness and color from dazzling white to dark gray, but they are more or less regularly 
arranged. They may appear as distinct patches (fig. 3714e) similar to cirrocumulus 
(fig. 3714b) but can be distinguished by the fact that individual patches are generally 
larger, and show distinct shadows in some places. They are often mistaken for 
stratocumulus (fig. 37141). If this form thickens and lowers, it may produce thundery 
weather and showers, but it does not bring prolonged bad weather. Sometimes the 
patches merge to form a series of big rolls that resemble ocean waves, but with streaks 
of blue sky (fig. 3714f). Because of perspective, the rolls appear to run together near 
the horizon. These regular parallel bands differ from cirrocumulus in that they occur 
in larger masses with shadows. These clouds move in the direction of the short dimen- 
sion of the rolls, as do ocean waves. Sometimes altocumulus appear briefly in the form 
shown in figure 3714g, usually before a thunderstorm. They are generally arranged in 


Ficure 3714e.—Altocumulus in patches. Figure 3714f.—Altocumulus in bands. 
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Figure 3714g.—Turreted altocumulus. Figure 3714h.—Altostratus. 


a line with a flat horizontal base, giving the impression of turrets on a castle. The 
turreted tops may look like miniature cumulus and possess considerable depth and great 
length. These clouds usually indicate a change to chaotic, thundery skies. 

Altostratus (As) are middle clouds having the appearance of a grayish or bluish, 
fibrous veil or sheet (fig. 3714h). The sun or moon, when seen through these clouds, 
appears as if it were shining through ground glass, with a corona (art. 3820) around it. 
Halos are not formed. If these clouds thicken and lower, or if low, ragged “‘scud”’ or 
rain clouds (nimbostratus) form below them, continuous rain or snow may be expected 
within a few hours. 

Low clouds. Stratocumulus (Sc) are low clouds composed of soft, gray, roll- 
shaped masses (fig. 37141). They may be shaped in long, parallel rolls similar to altocu- 
mulus (fig. 3714f), moving forward with the wind. The motion is in the direction of 
their short dimension, like ocean waves. These clouds, which vary greatly in altitude, 
are the final product of the characteristic daily change that takes place in cumulus 
clouds. They are usually followed by clear skies during the night. 

Stratus (St) is a low cloud in a uniform layer (fig. 3714j) resembling fog. Often 
the base is not more than 1,000 feet high. A veil of thin stratus gives the sky a hazy 
appearance. Stratus is often quite thick, permitting so little sunlight to penetrate 
that it appears dark to an observer below it. From above, it looks white. Light mist 
may descend from stratus. Strong wind sometimes breaks stratus into shreds called 
“fractostratus.” 

Nimbostratus (Ns) is a low, dark, shapeless cloud layer, usually nearly uniform, 
but sometimes with ragged, wet-looking bases. Nimbostratus is the typical rain cloud. 
The precipitation which falls from this cloud is steady or intermittent, but not showery. 

Clouds with vertical development. Cumulus (Cu) are dense clouds with vertical 
development. They have a horizontal base and dome-shaped upper surface, with 
protuberances extending above the dome. Cumulus appear in small patches, and never 
cover the entire sky. When the vertical development is not great, the clouds appear 
in patches resembling tufts of cotton or wool, being popularly called ‘“woolpack” clouds 
(fig. 3714k). The horizontal bases of such clouds may not be noticeable. These are 


Ficure 3714i.—Stratoeumulus. Figure 3714j.—Stratus. 
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Ficgure 3714k.—Cumulus. Figure 37141.—Cumulonimbus. 


called “fair weather’’ cumulus because they always accompany good weather. How- 
ever, they may merge with altocumulus, or may grow to cumulonimbus before a thunder- 
storm. Since cumulus are formed by updrafts, they are accompanied by turbulence, 
causing “‘bumpiness”’ in the air. The extent of turbulence is proportional to the vertical 
extent of the clouds. Cumulus are marked by strong contrasts of light and dark. 

Cumulonimbus (Cb) is a massive cloud with great vertical development, rising in 
mountainous towers to great heights (fig. 37141). The upper part consists of ice crys- 
tals, and often spreads out in the shape of an anvil which may be seen at such distances 
that the base may be below the horizon. Cumulonimbus often produces showers of 
rain, snow, or hail, frequently accompanied by thunder. Because of this, the cloud is 
often popularly called a ‘‘thundercloud”’ or ‘‘thunderhead.”’ The base is horizontal, 
but as showers occur it lowers and becomes ragged. 

3715. Cloud height measurement.—At sea, cloud heights are often determined by 
estimate. This is a difficult task, particularly at night. A searchlight may be of some as- 
sistance. Radar operating at the higher frequencies, particularly three-centimeter radar, 
indicates returns from some clouds. Certain models permit measurement of height. 

Ceiling balloons can be used to determine height of low clouds with reasonable 
accuracy. Any type balloon having a known rate of ascent is suitable. The following 
balloons are in use: 

1. A 10-gram spherical balloon with 40 grams of hydrogen or 43 grams of helium. 
Used at Navy and Air Force stations. 

2. A 10-gram spherical balloon with 45 grams of helium. Used at civil stations. 

3. A 30-gram balloon with 125 grams of hydrogen or 139 grams of helium. Used 
at civil and Navy stations. 

4. A 30-gram balloon with 132 grams of hydrogen or 147 grams of helium. Used 
at Air Force stations. 

The ascent of these four balloons, in feet, is 


Minutes 1 2 8 4 
1 480 500 710 720 
2 850 960 1,360 1,380 
3 1,210 1,420 2,010 2,040 
4 1,570 1,880 2,630 2,670 
5 1,930 2,300 3,250 3,300 
6 2,290 2,720 3,840 3,900 
7 2,650 3,140 4,430 4, 500 


8 3,010 3,560 5,020 5, 100. 


For elapsed times greater than eight minutes, the rate is 360 feet per minute for balloon 
1, 420 feet per minute for balloon 2, 590 feet per minute for balloon 3, and 600 feet 
per minute for balloon 4. 
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Cloud height is determined by measurement of the elapsed time from release of 
the balloon until it disappears in the clouds. Horizontal motion due to wind generally 
has negligible effect upon the rate of ascent. 

The height of the base of clouds formed by vertical development (any form of 
cumulus), if formed in air that has risen from the surface of the earth, can be deter- 
mined by psychrometer, because the height to which the air must rise before condensa- 
tion takes place is proportional to the difference between surface air temperature and 
the dew point. At sea, this difference multiplied by 236 gives the height in feet. That 
is, for every degree difference between surface air temperature and the dew point, the 
air must rise 236 feet before condensation will take place. Thus, if the dry-bulb 
temperature is 80°F, and the wet-bulb temperature is 77°F, the dew point (from 
tab. 17) is 76°F, or four degrees lower than the surface air temperature. The height 
of the cloud base is 4X 236=944 feet. 

Ashore, cloud height measurement can be made at night by means of a ceiling 
light projector and clinometer (fig. 3715). The projector throws a beam of light 
vertically upward, casting a spot of light on the clouds. An observer at a known dis- 
tance from the projector measures the angle of elevation of the spot of light. This is 
usually done by means of a clinometer, a single hand-held sighting device with a pointer 
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FicurE 3715.—Ceiling light projector and clinometer for measuring cloud height at 
night. 


which hangs freely and indicates elevation angle on an arc. The height of the cloud 
base is equal to the tangent of the elevation angle times the distance between the 
projector and observer, the curvature of the earth being neglected. Thus, if the ob- 
server is 400 feet from the projector, and the angle of elevation is 73°, the height of 
the base of the clouds is 4003.2709=1,308 feet. If two ships are in company, an 
approximation of cloud height might be determined in this way, using a searchlight on 
one ship and a clinometer (a sextant can be used if the horizon is distinguishable) on 
the other. For low clouds, this might be performed on a single vessel, mounting the 
searchlight at one end of the vessel, and placing the observer at the other end. Reason- 
ably accurate results might be obtained at sea if the searchlight can be stabilized in the 
vertical. 

Measurements can be made both day and night by means of a ceilometer. This 
device consists of a projector, detector, and recorder to provide a continuous record of 
cloud height above the observing station, both day and night. The ceilometer uses 
a beam of light that is pulse modulated (art. 1016) like radar signals. The projector 
and detector are some distance apart, height being determined by the same principle 
used with the ceiling light projector and clinometer. Either the projector or detector 
continuously scans a 90° arc from the vertical to the horizontal, and back, in line with 
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the other instrument, which remains vertical. When the spot of light is in the line of 
sight of the detector, a photoelectric cell detects it, and actuates the recorder, which 
reads directly in height. The ceilometer is not suitable for use at sea. 

3716. Visibility measurement.—Visibility is the extreme horizontal distance at 
which prominent objects can be seen and identified by the unaided eye. It is usually 
measured directly by the human eye. Ashore, the distances of various buildings, trees, 
lights, and other objects are measured and used as a guide in estimating the visibility. 
At sea, however, such an estimate is difficult to make with accuracy. Other ships 
and the horizon may be of some assistance. 

Visibility is sometimes measured by a transmissometer, a device which measures 
the transparency of the atmosphere by passing a beam of light over a known short 
distance, and comparing it with a reference light. 

3717. Upper air observations.—Upper air information provides the third dimension 
to the weather map. Unfortunately, the equipment necessary to obtain such in- 
formation is quite expensive, and the observations are time consuming. Consequently, 
the network of observing stations is quite sparse compared to that for surface observa- 
tions, particularly over the oceans and in isolated land areas. Where facilities exist, 
upper air observations are made by means of unmanned balloons in conjunction with 
theodolites, radiosondes, radar, and radio direction finders. Observations are 
sometimes made by aircraft. 

3718. Pilot balloons are free balloons released at the surface of the earth and fol- 
lowed by optical means to determine their movement in relation to the point from which 
released. They are of neoprene latex (occasionally of natural rubber latex) a few 
thousandths of an inch thick, and have a nominal weight of either 30 or 100 grams. 
The balloons are inflated with helium or hydrogen to a definite free-lift capacity for 
which ascensional rate tables have been prepared. The neck of each balloon is then 
securely fastened to prevent leakage of the gas, and the balloon is released. A theod- 
olite is trained on the balloon, which is kept in the field of vision of the instrument 
throughout the observation. 

By means of a buzzer signal the observer is warned five seconds prior to the end of 
each minute after release. The cross hairs of the theodolite are then brought to bear 
on the balloon at the end of each minute (also signalled by the buzzer), and the hori- 
zontal and vertical angles are read to the nearest tenth of a degree. These data are 
then plotted on polar coordinate paper similar to a maneuvering board (art. 1212), and 
the wind speed and direction at each selected level (each 1,000-foot level) are determined. 

An observation of winds aloft made in this manner is called a pibal, from pilot 
balloon observation. If the same procedure is used with a sounding balloon (art. 3720), 
the observation is called a rabal, from radio balloon observation. 

3719. The theodolite-—Survey theodolites are discussed in article 4004. The 
instrument by the same name used for pilot balloon observations is constructed on 
the same principle, but with some differences to suit the use for which it is intended. 

The shore-type theodolite used by the meteorologist is essentially a telescope so 
mounted that the horizontal and vertical angles of its axis can be measured. The 
telescope is mounted in a yoke secured to a base plate. _ The base plate is mounted on a 
tripod or pipe support, with provision for accurate leveling. By means of a 45° prism, 
the line of sight is bent through an angle of 90°. The eyepiece is mounted on the 
horizontal axis of the theodolite. Tangent-screw controls permit adjustment in both 
the horizontal and vertical directions. 

The shipboard-type theodolite (fig. 3719) differs considerably from the shore 
type, being mounted on gimbals atop a tripod. A counterbalance is provided to serve 
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Figure 3719.—A shipboard-type meteorological theodolite. 
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as a pendulum in maintaining the instrument approximately horizontal. The instru- 
ment is aligned with the longitudinal axis of the craft, so that relative bearings are 
observed. Elevation angles are measured in a manner similar to the measurement of 
altitudes of celestial bodies, an image of the balloon being brought into ¢oincidence 
with the direct view of the horizon. A bubble artificial horizon is also provided. 

3720. Radiosondes are miniature radio transmitters carried aloft by sounding 
balloons which ascend at the rate of about 1,000 feet per minute, to a height of nearly 
100,000 feet. The transmitter, powered by a compact battery, transmits on a fre- 
quency of 72, 403, or 1,680 megacycles per second. In the United States the 72- 
megacycle instruments have been replaced by 403-megacycle radiosondes. 

As the radiosonde ascends, it transmits a continuous-wave radio signal on its 
assigned frequency. This signal is modulated (art. 1016) by pressure, temperature, 
and relative humidity in turn. 

The transmitted radio signals are received by an antenna and radio receiver at 
the surface. They are fed through an electronic frequency meter, and then recorded. 
By this means a continuous record is made to the height at which the balloon bursts 
or its signals can no longer be received. 

An observation made in this way is called a raob, from radiosonde observation. 

3721. Electronic measurement of winds aloft.—If either a pilot balloon (art. 
3718) or sounding balloon (art. 3720) is fitted with a metal target and tracked by 
radar, height, slant distance, and bearing are available, permitting determination of 
wind speed and direction. Radio direction finder equipment which permits measure- 
ment of both horizontal and vertical directions has been developed and is in use ashore 
for tracking radiosondes. Similar equipment for use aboard ship is under development. 
An observation made by tracking with either radar or radio direction finder is called 
a rawin, from radio winds-aloft observation. A combined raob (art. 3720) and rawin 
is called a rawinsonde. 

3722. Observations by aircraft——Reports from aircraft are helpful in making 
upper air observations. By this means, winds, heights of clouds, visibility, etc., can 
be determined. An aircraft flying over the ocean and equipped with both absolute 
and barometric altimeters can supply valuable information on the height of the pres- 
sure level at which it is flying. Such reports are used in connection with pressure 
pattern navigation (art. 2807). They are also useful in establishing positions of high 
and low pressure centers. 

The Air Weather Service of the U. S. Department of Defense makes regular flights 
to collect weather information. These flights are made along established routes 
over the oceans and in the arctic where adequate coverage is not otherwise avail- 
able. In addition, the U. S. Navy and U. S. Air Force, in cooperation with the 
Weather Bureau, make flights into tropical cyclones (ch. XX XIX) to collect useful 
information. 

Prior to the advent of the radiosonde (art. 3720), an instrument known as the 
aerograph or aerometeorograph was widely used by most weather services. In effect, 
this instrument is a combination barograph (art. 3705), thermograph (art. 3712), and 
hygrograph (art. 3713). The instrument is attached to an aircraft, and during flight 
it makes a continuous trace of pressure, temperature, and relative humidity on a 
chart or “smoked sheet” attached to the drum of a clock-driven cylinder. By means 
of electrical connections to the pens, the pilot of the airplane indicates the time at 
which he enters and leaves phenomena such as haze, fog, clouds, rain, snow, etc. Since 
the heights reached are restricted by the ceiling of the aircraft, they are generally 
less than those attained by radiosondes. The use of the aerograph is now limited 
principally to storm reconnaissance. 
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3723. Storm detection radar.—During World War II, it was found that certain 
radar equipment gave an indication of weather fronts (art. 3812) and precipitation 
areas. It was of particular value near hurricanes and typhoons. Since the close of 
that war a great amount of work has been done in perfecting radar equipment for use 
in weather observation. It has proved of immense value in detecting, tracking, and 
interpreting weather activity out to a distance of as much as 400 miles from the ob- 
serving station. 

3724. Precipitation measurement.—Any type of condensed water vapor that falls 
to the earth’s surface is called precipitation. It may be liquid, freezing, or frozen when 
it arrives at the surface. Measurement of precipitation normally includes only the 
determination of the amount of rain or snow that has fallen in a given period of time. 
For purposes of comparison, snow measurement is obtained by melting the snow to its 
water equivalent. Depth of snow is also measured to determine the amount of 
snowfall. 

The usual type of nonrecording precipitation gage consists of a collector ring, funnel, 
and measuring cylinder set within a receiver. All precipitation falling on the area 
encompassed by the collector ring descends through the funnel into the measuring 
cylinder, where it is measured directly by means of a rod graduated in tenths of an 
inch. Since the cross-sectional area of the measuring cylinder is exactly one-tenth that 
of the collector ring, each 0.1 inch collected is a measure of 0.01 inch of precipitation. 
When precipitation is in the form of snow, the measuring tube is removed, permitting 
the snow to collect in the larger receiver. The receiver is placed in a container of 
warm water until the snow melts. The resulting liquid is then poured into the meas- 
uring tube and measured. 

The most representative measurement of precipitation from snow is obtained by 
removing the collector ring and funnel, and using a slat screen to reduce the effect of 
wind. 

One type of recording rain gage is known as the ‘‘tipping-bucket rain gage.”’ The 
rainfall from a funnel-shaped collector is directed into one of two small buckets so 
arranged that when 0.01 inch of rain is collected, the bucket is forced downward, 
causing the other bucket to move into the collecting position. When a bucket is in the 
“down’’ position, its water runs into the base of the collector, where it can be meas- 
ured later. As each bucket lowers in its turn, it causes a small cam to rotate into 
contact position and close a battery-powered electric circuit. This causes a magnetic 
relay at the recorder to operate a pen arm, which marks the additional 0.01 inch of 
rainfall on a chart secured to a clock-driven drum. 

Another type of recording rain gage, used principally at locations which are not 
continuously attended, employs a weighing device which actuates a pen arm, causing 
it to trace measurements on a chart secured to a clock-driven drum. 

The precipitation gage, whatever its form, should be placed in an exposed position 
as far as practicable from obstructions. Precipitation measurement is not ordinarily 
made aboard ship because the motions of the vessel, and the possibility of collecting 
salt spray, introduce errors into the measurement. 

3725. Automatic weather stations provide regularly scheduled transmissions of 
meteorological measurements by radio. They are used at isolated and relatively 
inaccessible locations from which weather data are of great importance to the weather 
forecaster. The measurements usually obtained are of wind speed and direction, 
atmospheric pressure, temperature, and relative humidity. 

3726. Recording observations.—Aboard ship, weather observations are recorded 
on the Ship Weather Observation Sheet (fig. 3726). Instructions for using this sheet are 
given in OPNAV Instruction 3140.37C, Manual for Ship’s Surface Weather Observations. 
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Figure 3726.—Ship Weather Observation Sheet. 
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To assist in the preparation of synoptic observations for transmission, Table I 
(which is similar to WB Form 615-5, Ship’s Weather Observations, for merchant ships 
which participate in the cooperative observation program of the U.S. Weather Bureau) 
is arranged in the correct code form with the five-digit groups separated by heavy lines. 
Two wave groups are given because two separate wave systems are sometimes persent. 

The symbols to use in the ‘“‘weather’’ column of Table I are as follows: 


CLR Clear or a few clouds 
SCT Scattered clouds—0.1 to 0.5 clouds 
BKN Broken clouds—0.6 to 0.9 clouds 
OVC Overcast—more than 0.9 clouds 

T Thunderstorm 


R_ Rain 
RW _ Rain showers 
L Drizzle 


ZR Freezing rain 
ZL Freezing drizzle 
E Sleet 
F Fog 
GF Shallow fog (ground fog) 
EW Sleet showers 
S Snow 
SW_ Snow showers 
IC Ice crystals 


A Hail 
IF Ice fog 
H Haze 
K Smoke 
D_ Dust 


BY Blowing spray 


Problems 


3709a. A ship is proceeding on course 180° at a speed of 22 knots. The apparent 
wind is from 70° off the port bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
maneuvering board or Weather Bureau plotter. 

Answers.—True wind from 231° relative, 051° true, at 24.3 knots. 

3709b. A ship is proceeding on course 050° at a speed of 13.5 knots. The apparent 
wind is from broad on the starboard bow, speed 20 knots. 


Required.—The relative direction, true direction, and speed of the true wind by 
table 10. 


Answers.—True wind from 086° relative, 136° true, at 14.3 knots. 
3709c. A ship is proceeding on course 020° at a speed of 16 knots. The true wind 
is estimated to be from 110° on the port bow, speed 10 knots. 
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Required.—The relative direction, true direction, and speed of the apparent wind 
by maneuvering board or Weather Bureau plotter. 

Answers.—Apparent wind from 323° relative, 343° true, at 15.6 knots. 

3709d. A ship is proceeding on course 190° at a speed of 14 knots. The true 
wind is estimated to be from broad on the starboard quarter, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the apparent wind 
by table 10. 

Answers.—Apparent wind from 090° relative, 280° true, at 14.0 knots. 

3709e. The true wind has been determined to be from 210°, speed 12 knots. The 
captain of an aircraft carrier desires an apparent wind of 30 knots from 10° on the 
port bow for launching aircraft. 

Required.—The course and speed of the aircraft carrier. 

Answers.—C 235°, $18.6 kn. (The required apparent wind could also be pro- 
duced by C 005°, S 40.5 kn.) 

3709f. A ship is proceeding on course 255° at a speed of 15 knots. The wind 
vane indicates the apparent wind is broad on the starboard beam. From the appear- 
ance of the sea the navigator estimates the speed of the true wind as Beaufort 5 (19 
knots). 

Required.—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Use the maneuvering board. 

Answers.—(1) True wind from 142° relative, 037° true; (2) apparent wind speed 
11.6 knots. 

3709g. A ship is proceeding on course 135° at a speed of 18 knots. The wind vane 
indicates the apparent wind is 40° on the starboard bow. From the appearance of 
the sea the navigator estimates the speed of the true wind as Beaufort 6 (24.5 knots). 

Required—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Use table 10. ; 

Answers.—(1) True wind from 069° relative, 204° true; (2) apparent wind speed 
36 knots. 

3709h. A ship is proceeding on course 330° at a speed of 20 knots. The wind vane 
indicates the apparent wind is 30° on the port bow. From the appearance of the sea 
the navigator estimates the speed of the true wind as Beaufort 4 (13.5 knots). 

Required.—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Solve first by maneuvering board and then by table 10. 

Answers.—Graphical solution: (1) true wind from 199° relative, 169° true or 
from 282° relative, 252° true; (2) apparent wind speed 8.5 knots or 26.3 knots. Table 
10 solution: (1) true wind from 197° relative, 167° true or from 283° relative, 253° 
true; (2) apparent wind speed 8.0 knots or 26.0 knots. 

3713. The dry-bulb temperature is 41°F and the wet-bulb temperature is 35°F. 

Required.—(1) Relative humidity, (2) dew point. 

Answers.—(1) Relative humidity 53 percent, (2) dew point 26°. 

3715a. A 30-gram balloon with 139 grams of helium is released, and 10™12° later 
it disappears in the clouds. 

Required.—Height of the base of the clouds. 

Answer.—Height 6,318 feet. 

3715b. The dry-bulb temperature is 72°F and the wet-bulb temperature iss Se Hi: 

Required.—Height of the base of cumulonimbus clouds formed in air which has 
risen from the surface of the sea. 

Answer.—Height 5,900 feet. 
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3715c. An observer 1,000 feet from a ceiling light projector measures the elevation 
angle of the spot of light on the base of the clouds as 68°. 

Required.—Height of the base of the clouds. 

Answer.—Height 2,475 feet. 
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CHAPTER XXXVIII 
WEATHER AND WEATHER FORECASTS 


3801. Introduction.— Weather is the state of the earth’s atmosphere with respect 
to temperature, humidity, precipitation, visibility, cloudiness, etc. In contrast, the 
term climate refers to the prevalent or characteristic meteorological conditions of a 
place or region. 

All weather may be traced ultimately to the effect of the sun on the earth, including 
the lower portions of the atmosphere. Most changes in weather involve large-scale, 
approximately horizontal, motion of air. Air in such motion is called wind. This 
motion is produced by differences of atmospheric pressure, which are largely attribut- 
able to differences of temperature. 

The weather is of considerable interest to the mariner. The wind and state of the 
sea affect dead reckoning. Reduced horizontal visibility limits piloting. The state of the 
atmosphere affects electronic navigation and radio communication. If the skies are 
overcast, visual celestial observations are not available; and under certain conditions 
refraction and dip are disturbed. When wind was the primary motive power, knowledge 
of the areas of favorable winds was of great importance. This consideration led Matthew 
Fontaine Maury, more than a century ago, to seek information from ships’ logs to es- 
tablish speed and direction of prevailing winds over the various trade routes of the world. 
The information thus gathered was shown on pilot charts. By means of these charts, 
the mariner could select a suitable route for a favorable passage. Even power vessels 
are affected considerably by wind and sea. Less fuel consumption and a more com- 
fortable passage are to be expected if wind and sea are moderate and favorable. Pilot 
charts are useful in selecting suitable routes. Since longer range forecasts have become 
possible, some experimental work has been done in routing ocean vessels to take ad- 
vantage of anticipated conditions during passage. 

3802. The atmosphere is a relatively thin shell of air, water vapor, dust, smoke, 
etc., surrounding the earth. The air is a mixture of transparent gases (art. 1410) and, 
like any gas, is elastic and highly compressible. Although extremely light, it has a 
definite weight which can be measured. A cubic foot of air at standard sea-level tem- 
perature and pressure weighs 1.22 ounces, or about 1/817th part of the weight of an 
equal volume of water. Because of this weight, the atmosphere exerts a pressure upon 
the surface of the earth, amounting to about 15 pounds per square inch. 

As altitude increases, less atmosphere extends upward, and pressure decreases. 
With less pressure, the density decreases. More than three-fourths of the air is con- 
centrated within a layer averaging about seven statute miles thick, called the tropo- 
sphere. This is the region of most ‘weather,’ as the term is commonly understood. 

The top of the troposphere is marked by a thin transition zone called the tropopause. 
Beyond this lie several other layers having distinctive characteristics, as listed in 
article 1410, and shown in figure 1410. The average height of the tropopause ranges 
from about five miles or less over the poles to about 11 miles over the equator. 

The standard atmosphere is a conventional vertical structure of the atmosphere 
characterized by standard sea level pressure of 29.92 inches of mercury (1013.25 mil- 
libars), sea level temperature of 59°F (15°C), and a uniform decrease of temperature 
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and moisture content of the air with height, the rate of temperature decrease being 
3°6F (2°C) per thousand feet to 11 kilometers (36,089 feet) and thereafter a constant 
temperature of (—)69°7F (—56°5C). The rate of temperature decrease with height 
in the standard atmosphere is called the standard temperature lapse rate. 

Meteorologists are continually learning more of the characteristics of atmospheric 
processes above the lowest portions of the atmosphere. In recent years, greatly in- 
creased attention has been directed to such features as the jet stream, a meandering 
stream of air which circles the globe at speeds of 100 to more than 250 knots at heights 
of about 20,000 to 40,000 feet. Some similarity has been noted between major wind 
streams such as the jet stream, and ocean currents such as the Gulf Stream (art. 3206). 

3803. Wind.—When air is not confined, changes in temperature produce changes in 
volume, heated air expanding and cooled air contracting. If a large volume of air 
near the surface of the earth is cooled, it contracts, causing a downdraft. Air from 
neighboring regions aloft moves horizontally to fill the void. This results in a greater 
mass of air over the region, and the pressure is correspondingly increased. By a similar 
process in reverse, heating of air near the surface causes expansion and an updraft, 
resulting in decreased pressure over the heated area. Near the surface of the earth, 
the air tends to move from an area of high pressure to one of low pressure. Thus, a 
circulation is set up, air moving across the surface of the earth from an area of high 
pressure and low temperature to one of low pressure and high temperature, then 
vertically upward, then horizontally at high altitudes from the area of low pressure 
to that of high pressure, where it moves vertically downward to complete the circuit. 
The actual circulation is much more complex than this, due to such factors as rotation of 
the earth and continual changes in temperature and pressure. 

If there were no heating and cooling, the temperature at any given altitude remain- 
ing everywhere the same, there would be no tendency for the air to move from one place 
to another. Air would lie sluggish and at rest on the earth’s surface. There would 
be no wind and no variation in weather. 

As a result of the position and motion of the earth in relation to the sun, and the 
physical processes involving radiation and absorption of energy, certain regions of 
the earth are always warmer than others. For similar reasons, the air over some parts 
of the earth is seasonally warmer than that over other parts. This general pattern is 
modified to a varying degree by the local heating and cooling which is continually taking 
place. Consequently, winds in some areas are relatively steady in both direction and 
speed, others are seasonal, and this general circulation is continually being modified 
by local conditions. 

3804. General circulation of the atmosphere.—The heat required for warming the 
air is supplied originally by the sun. As radiant energy from the sun arrives at the 
earth, about 43 percent is reflected back into space by the atmosphere, about 17 
percent is absorbed in the lower portions of the atmosphere, and the remaining 40 
percent (approximately) reaches the surface of the earth and much of it is reradiated 
into space. This earth radiation is in comparatively long waves relative to the short- 
wave radiation from the sun, since it emanates from a cooler body. Long-wave 
radiation, being readily absorbed by the water vapor in the air, is primarily responsible 
for the warmth of the atmosphere near the earth’s surface. Thus, the atmosphere 
acts much like the glass on the roof of a greenhouse. It allows part of the incoming 
solar radiation to reach the surface of the earth, but is heated by the terrestrial radiation 
passing outward. Over the entire earth and for long periods of time, the total outgoing 
energy must be equivalent to the incoming energy (minus any converted to another 
form and retained), or the temperature of the earth, including its atmosphere, would 
steadily increase or decrease. In local areas, or over relatively short periods of time, 
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such a balance is not required, and in fact does not exist, resulting in changes such as 
those occurring in the different seasons, and in different parts of the day. 

As shown in figure 1419b, the more nearly perpendicular the rays of the sun 
strike the surface of the earth, the more heat energy per unit area is received at that 
place. Physical measurements show that in the tropics more heat per unit area is 
received than is radiated away, and that in polar regions the opposite is true. Unless 
there were some process to transfer heat from the tropics to polar regions, the tropics 
would be much warmer than they are, and the polar regions would be much colder. 
The process which brings about the required transfer of heat is the general circulation 
of the atmosphere. 

If the earth had a uniform surface, did not rotate on its axis (but received sun- 
light equally all around the equator), and did not revolve around the sun (with its 
axis tilted), a simple circulation would result, as shown in figure 3804a. However, the 
surface of the earth is far from uniform, being covered with an irregular distribution of 
land of various heights, and water; the earth rotates about its axis once in approximately 
24 hours, so that the portion heated by the sun continually changes; and the axis of 
rotation is tilted so that as the earth moves along its orbit about the sun, seasonal 
changes occur in the exposure of specific areas to the sun’s rays, resulting in variations 
in the heat balance of these areas. These factors, coupled with others, result in con- 
stantly changing large-scale movements of air. Based upon averages over long periods, 
however, a general circulation is discernible. Figures 3804b and 3804c give a gen- 
eralized picture of the world’s pressure distribution and wind systems as actually 
observed. A simplified diagram of the general pattern is shown in figure 3804d. 

The rotation of the earth diverts the air from a direct path between high and low 
pressure areas, the diversion being toward the right in the northern hemisphere and 
toward the /eft in the southern hemisphere. At some distance above the surface of the 
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Figure 3804a.—Ideal atmospheric circulation for a uniform, nonrotating, nonrevolving earth. 
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Figure 3804c.—Generalized pattern of actual surface winds in July and August. 
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Ficure 3804d.—Simplified diagram of the general circulation of the atmosphere. 


earth, the wind tends to blow along the isobars, being called the geostrophic wind if 
the isobars are straight (great circles), and gradient wind if they are curved. Near 
the surface of the earth, friction tends to divert the wind from the isobars toward the 
center of low pressure. At sea, where friction is less than on land, the wind follows 
the isobars more closely. 

The decrease of pressure with distance is called the pressure gradient. It is 
maximum along a normal (perpendicular) to the isobars, decreasing to zero along the 
isobars. Speed of the wind is directly proportional to the maximum pressure gradient. 

3805. The doldrums.—The belt of low pressure near the equator occupies a position 
approximately midway between high pressure belts at about latitude 30° to 35° on 
each side. Except for slight diurnal changes, the atmospheric pressure along the 
equatorial low is almost uniform. With almost no pressure gradient, wind is practically 
nonexistent. The light breezes that do blow are variable in direction. Hot, sultry 
days are common. The sky is often overcast, and showers and thundershowers are 
relatively frequent. 

The area involved is a thin belt near the equator, the eastern part in both the 
Atlantic and Pacific being wider than the western part. However, both the position 
and extent of the belt vary somewhat with the season. During February and March it 
lies immediately to the north of the equator and is so narrow that it may be considered 
virtually nonexistent. In July and August the belt is centered on about latitude 7°N, 
and is several degrees in width, even at the narrowest point. 

3806. The trade winds blow from the belts of high pressure, toward the equatorial 
belt of low pressure. Because of the rotation of the earth, the moving air is deflected 
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toward the west. Therefore, the trade winds in the northern hemisphere are from the 
northeast and are called the northeast trades, while those in the southern hemisphere 
are from the southeast and are called the southeast trades. Over the eastern part of 
both the Atlantic and Pacific these winds extend considerably farther from the equator, 
and their original direction is more nearly along the meridians, than in the western part 
of each ocean. 

The trade winds are generally considered among the most constant of winds. 
Although they sometimes blow for days or even weeks with little change of direction or 
speed, their constancy is sometimes exaggerated. At times they weaken or shift direc- 
tion, and there are regions where the general pattern is disrupted. A notable example 
is the island groups of the South Pacific, where they are practically nonexistent during 
January and February. Their highest development is attained in the South Atlantic 
and in the South Indian Ocean. Everywhere they are fresher during the winter than 
during the summer. 

In July and August, when the belt of equatorial low pressure moves to a position 
some distance north of the equator, the southeast trades blow across the equator, into 
the northern hemisphere, where the earth’s rotation diverts them toward the right, 
causing them to be southerly and southwesterly winds. The ‘southwest monsoons” 
of the African and Central American coasts have their origin partly in such diverted 
southeast trades. 

Cyclonic storms generally do not enter the regions of the trade winds, although 
hurricanes and typhoons (ch. XX XIX) may originate within these areas. 

3807. The horse latitudes.—Along the poleward side of each trade-wind belt, and 
corresponding approximately with the belt of high pressure in each hemisphere, is 
another region with weak pressure gradients and correspondingly light, variable winds. 
These are called the horse latitudes. The weather is generally clear and fresh, unlike 
that in the doldrums, and periods of stagnation are less persistent, being of a more 
intermittent nature. The difference is due primarily to the fact that rising currents 
of warm air in the equatorial low carry large amounts of moisture which condenses as 
the air cools at higher levels, while in the horse latitudes the air is apparently descending 
and becoming less humid as it is warmed at lower heights. 

3808. The prevailing westerlies——On the poleward side of the high pressure belt 
in each hemisphere the atmospheric pressure again diminishes. The currents of air set 
in motion along these gradients toward the poles are diverted by the earth’s rotation 
toward the east, becoming southwesterly winds in the northern hemisphere and north- 
westerly in the southern hemisphere. These two wind systems are known as the 
prevailing westerlies of the temperate zones. 

In the northern hemisphere this relatively simple pattern is distorted considerably 
by secondary wind circulations, due primarily to the presence of large land masses. 
In the North Atlantic, between latitudes 40° and 50°, winds blow from some direction 
between south and northwest during 74 percent of the time, being somewhat more 
persistent in winter than in summer. They are stronger in winter, too, averaging about 
25 knots (Beaufort 6) as compared with 14 knots (Beaufort 4) in the summer. 

In the southern hemisphere the westerlies blow throughout the year with a steadi- 
ness approaching that of the trade winds (art. 3806). The speed, though variable, is 
generally between 17 and 27 knots (Beaufort 5 and 6). Latitudes 40°S to 50°S (or 
55°S) where these boisterous winds occur, are called the roaring forties. These winds 
are strongest at about latitude 50°S. 

The greater speed and persistence of the westerlies in the southern hemisphere are 
due to the difference in the atmospheric pressure pattern, and its variations, from that 
of the northern hemisphere. In the comparatively landless southern hemisphere, 
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the average yearly atmospheric pressure diminishes much more rapidly on the poleward 
side of the high pressure belt, and has fewer irregularities due to continental interference, 
than in the northern hemisphere. 

3809. Winds of polar regions.—Because of the low temperatures near the geo- 
graphical poles of the earth, the pressure tends to remain higher than in surrounding 
regions. Consequently, the winds blow outward from the poles, and are deflected 
westward by the rotation of the earth, to become northeasterlies in the arctic, and 
southeasterlies in the antarctic. Where these meet the prevailing westerlies, the 
winds are variable. 

In the arctic, the general circulation is greatly modified by surrounding land 
masses. Winds over the Arctic Ocean are somewhat variable, and strong surface winds 
are rarely encountered. 

In the antarctic, on the other hand, a high central land mass is surrounded by 
water, a condition which augments, rather than diminishes, the general circulation. 
The high pressure, although weaker than in some areas, is stronger than in the arctic, 
and of great persistence near the south pole. The upper air descends over the high 
continent, where it becomes intensely cold. As it moves outward and downward toward 
the sea, it is deflected toward the west by the earth’s rotation. The winds remain 
strong throughout the year, frequently attaining hurricane force, and sometimes reach- 
ing speeds of 100 to 200 knots at the surface. These are the strongest surface winds 
encountered anywhere in the world, with the possible exception of those in well- 
developed tropical cyclones (ch. XX XIX). 

3810. Modifications of the general circulation.—The general circulation of the 
atmosphere as described in articles 3804-3809 is greatly modified by various conditions. 

The high pressure in the horse latitudes is not uniformly distributed around the 
belts, but tends to be accentuated at several points, as shown in figures 3804b and 3804c. 
These semipermanent highs remain at about the same places with great persistence. 

Semipermanent lows also occur in various places, the most prominent ones being 
west of Iceland, and over the Aleutians (winter only) in the northern hemisphere, and 
at the Ross Sea and Weddell Sea in the antarctic. The areas occupied by these semi- 
permanent lows are sometimes called the graveyards of the lows, since many lows 
move directly into these areas and lose their identity as they merge with and reinforce 
the semipermanent lows. The low pressure in these areas is maintained largely by 
the migratory lows which stall there, but partly by the sharp temperature difference 
between polar regions and warmer ocean areas. 

Another modifying influence is land, which undergoes greater temperature changes 
than does the sea. During the summer, a continent is warmer than its adjacent 
oceans. Therefore, low pressures tend to prevail over the land. Ifa belt of high pres- 
sure encounters such a continent, its pattern is distorted or interrupted. <A belt of 
low pressure is intensified. ‘The winds associated with belts of high and low pressure 
are distorted accordingly. In winter, the opposite effect takes place, belts of high 
pressure being intensified over land and those of low pressure being interrupted. 

The most striking example of a wind system produced by the alternate heating 
and cooling of a land mass is the monsoons of the China Sea and Indian Ocean. A 
portion of this effect is shown in figures 3810a and 3810b. In the summer (fig. 3810a), 
low pressure prevails over the warm continent of Asia, and high pressure over the 
adjacent sea. Between these two systems the wind blows in a nearly steady direction. 
The lower portion of the pattern is in the southern hemisphere, extending to about 
10° south latitude. Here the rotation of the earth causes a deflection to the left, re- 
sulting in southeasterly winds. As they cross the equator, the deflection is in the 
opposite direction, causing them to curve toward the right, becoming southwesterly 
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Ficure 3810a.—The summer monsoon. Ficure 3810b.—The winter monsoon. 


winds. In the winter (fig. 3810b), the positions of high and low pressure areas are 
interchanged, and the direction of flow is reversed. 

In the China Sea the summer monsoon blows from the southwest, usually from 
May to September. The strong winds are accompanied by heavy squalls and thun- 
derstorms, the rainfall being much heavier than during the winter monsoon. As the 
season advances, squalls and rain become less frequent. In some places the wind 
becomes a light breeze which is unsteady in direction, or stops altogether, while in 
other places it continues almost undiminished, with changes in direction or calms 
being infrequent. The winter monsoon blows from the northeast, usually from Octo- 
ber to April. It blows with a steadiness similar to that of the trade winds, often attain- 
ing the speed of a moderate gale (28-33 knots). Skies are generally clear during this 
season, and there is relatively little rain. 

The general circulation is further modified by winds of cyclonic origin (art. 3813), 
and various local winds (art. 3814). 

3811. Air masses.—Because of large differences in physical characteristics of the 
earth’s surface, particularly the oceanic and continental contrasts, the air overlying 
these surfaces acquires differing values of temperature, moisture, etc. The processes 
of radiation and convection in the lower portions of the troposphere act in differing, 
characteristic manners for a number of well-defined regions of the earth. The air over- 
lying these regions acquires characteristics common to the particular area, but con- 
trasting to those of other areas. Each distinctive part of the atmosphere, within 
which common characteristics prevail over a reasonably large area, is called an air 
mass. 

Air masses are named according to their source regions. Four such regions are 
generally recognized: (1) equatorial (EF), the doldrum area between the north and south 
trades; (2) tropical (T), the trade wind and lower temperate regions; (3) polar (P), 
the higher temperate latitudes; and (4) arctic (A), the north polar region of ice and 
snow (or, by extension, the antarctic). This classification is a general indication of 
relative temperature, as well as latitude of origin. 

Tropical and polar air masses are further classified as maritime (m) or continental 
(c), depending upon whether they form over water or land. This classification is an 
indication of the relative moisture content of the air mass. Since the moisture content 
of equatorial and arctic air is essentially independent of the surface over which they 
form, these sub-classifications are not applied to them. Tropical air, then, might be 
designated maritime tropical (mT) or continental tropical (cT). Similarly, polar air may 
be either maritime polar (mP) or continental polar (cP). 

A third classification sometimes applied tc tropical and polar air masses indi- 
cates whether the air mass is warm (w) or cold (k) relative to the underlying surface. 
Thus, the symbol mTw indicates maritime tropical air which is warmer than the under- 
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lying surface, and cPk indicates continental polar air which is colder than the under- 
lying surface. The w and k classifications are primarily indications of stability. If the 
air is cold relative to the surface, the lower portion of the air mass is being heated, 
resulting in instability as the warmer air tends to rise by convection. Conversely, if 
the air is warm relative to the surface, the lower portion of the air mass is cooled, 
tending to remain close to the surface. This is a stable condition. 

Two other types of air masses are sometimes recognized. These are monsoon (M), 
a transitional form between cP and E; and superior (8), a special type formed in the 
free atmosphere by the sinking and consequent warming of air aloft. 

3812. Fronts.—As air masses move within the general circulation, they travel 
from their source regions and invade other areas dominated by air having different 

_ characteristics. There is little tendency for adjacent air masses to mix. Instead, 

they are separated by a thin zone in which air mass characteristics exhibit such sharp 
gradients as to appear as discontinuities. This is called a frontal surface. The 
intersection of a frontal surface and a horizontal plane is called a front, although the 
term ‘front’’ is commonly used as a short expression for ‘frontal surface’? when this 
will not introduce an ambiguity. 


Figure 3812a.—First stage in the development of a frontal wave (top view). 


Because of differences in the motion of adjacent air masses, ‘‘waves’’ form along 
the frontal surface between them. 

Before the formation of frontal waves, the isobars (lines of equal atmospheric 
pressure) tend to run parallel to the fronts. As a wave is formed, the pattern is dis- 
torted somewhat, as shown in figure 3812a. In this illustration, colder air is north of 
warmer air. Isobars are shown at intervals of three millibars. The wave tends to 
travel in the direction of the general circulation, which in the temperate latitudes is 
usually in a general easterly and slightly poleward direction. 4 

Along the leading edge of the wave, warmer air is replacing colder air. This is called 
the warm front. The trailing edge is the cold front, where colder air is replacing 
warmer air. aa" . 

The warm air, being less dense, tends to ride up over the colder air it is replacing, 
causing the warm front to be tilted in the direction of motion. The slope is gentle, 
varying between 1:100 and 1:300. Because of the replacement of cold, dense air with 
warm, light air, the pressure decreases. Since the slope is gentle, the upper part of a 
warm frontal surface may be many hundreds of miles ahead of the surface portion. 
The decreasing pressure, indicated by a “falling barometer,” is often an indication of 
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the approach of such a wave. In a slow-moving, well-developed wave, the barometer 
may begin to fall several days before the wave arrives. Thus, the amount and nature 
of the change of atmospheric pressure between observations, called pressure tendency, 
is of assistance in predicting the approach of such a system. 

The advancing cold air, being more dense, tends to cut under the warmer air at 
the cold front, lifting it to greater heights. The slope here is in the opposite direction, 
at a rate of about 1:25 to 1:100, being steeper than the warm front. Therefore, after 
a cold front has passed, the pressure increases—a “rising barometer.” 

In the first stages, these effects are not marked, but as the wave continues to grow, 
they become more pronounced, as shown in figure 3812b. As the amplitude of the 
wave increases, pressure near the center usually decreases, and the “low’’ is said to 
“deepen.’’ As it deepens, its forward speed generally decreases. 

The approach of a well-developed warm front is usually heralded not only by 
falling pressure, but also by a more-or-less regular sequence of clouds. First, cirrus 
appear. These give way successively to cirrostratus, altostratus, altocumulus, and 
nimbostratus. Brief showers may precede the steady rain accompanying the nimbo- 
stratus. 

As the warm front passes, the temperature rises, the wind shifts to the right (in 
the northern hemisphere), and the steady rain stops. Drizzle may fall from low-lying 
stratus clouds, or there may be fog for some time after the wind shift. During passage 
of the warm sector between the warm front and the cold front, there is little change in 
temperature or pressure. However, if the wave is still growing and the low deepening, 
the pressure might slowly decrease. In the warm sector the skies are generally clear 
or partly cloudy, with cumulus or stratocumulus clouds most frequent. The warm 
air is usually moist, and haze or fog may often be present. 

As the faster moving, steeper cold front passes, the wind shifts abruptly to the 
right (in the northern hemisphere), the temperature falls rapidly, and there are often 
brief and sometimes violent showers, frequently accompanied by thunder and lightning. 
Clouds are usually of the convective type. A cold front usually coincides with a well- 
defined wind-shift line (a line along which the wind shifts abruptly from southerly or 
southwesterly to northerly or northwesterly in the northern hemisphere and from 
northerly or northwesterly to southerly or southwesterly in the southern hemisphere). 
At sea a series of brief showers accompanied by strong, shifting winds may occur 
along or some distance (up to 200 miles) ahead of a cold front. These are called 
squalls, and the line along which they occur is called a squall line. Because of its 
greater speed and steeper slope, which may approach or even exceed the vertical near 
the earth’s surface (due to friction), a cold front and its associated weather passes 
more quickly than a warm front. After a cold front passes, the pressure rises, often 
quite rapidly, the visibility usually improves, and the clouds tend to diminish. 

As the wave progresses and the cold front approaches the slower moving warm 
front, the low becomes deeper and the warm sector becomes smaller. This is shown 
in figure 3812c. 

Finally, the faster moving cold front overtakes the warm front (fig. 3812d), re- 
sulting in an occluded front at the surface, and an upper front aloft (fig. 3812e). When 
the two parts of the cold air mass meet, the warmer portion tends to rise above the 
colder part. The warm air continues to rise until the entire system dissipates. As 
the warmer air is replaced by colder air, the pressure gradually rises, a process called 
“filling.” This usually occurs within a few days after an occluded front forms, but 
the process is sometimes delayed by a slowing of the forward motion of the wave. In 
general, however, a filling low increases in speed. 
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Figure 3812b.—A fully developed frontal wave (top view). 


Figure 3812c.—A frontal wave nearing occlusion (top view). 
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COLD FRONT 


Figure 3812d.—An occluded front (top view). 


The sequence of weather associated with a low depends greatly upon location with 
respect to the path of the center. That described above assumes that the observer 
is so located that he encounters each part of the system. If he is poleward of the path 
of the center of the low, the abrupt weather changes associated with the passage of 
fronts are not experienced. Instead, the change from the weather characteristically 
found ahead of a warm front to that behind a cold front takes place gradually, the 
exact sequence being dictated somewhat by distance from the center, as well as severity 
and age of the low. 

Although each low follows generally the pattern given above, no two are ever 
exactly alike. Other centers of low pressure and high pressure and the air masses 
associated with them, even though they may be 1,000 miles or more away, influence 


Figure 3812e.—An occluded front (cross section). 
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the formation and motion of individual low centers and their accompanying weather. 
Particularly, a high stalls or diverts a low. This is true of temporary highs as well as 
semipermanent highs. 

3813. Cyclones and anticyclones.—An approximately circular portion of the atmos- 
phere in the vicinity of a low pressure area is called a cyclone. A similar portion in 
the vicinity of an atmospheric high is called an anticyclone. These terms are used 
particularly in connection with the winds associated with such centers. Wind tends 
to blow from an area of high pressure to one of low pressure, but due to rotation of the 
earth, they are deflected toward the right in the northern hemisphere and toward the 
left in the southern hemisphere (art. 3804). 

Because of the rotation of the earth, therefore, the circulation tends to be counter- 
clockwise around areas of low pressure in the northern hemisphere (figs. 3812c and 
3812d), and clockwise around areas of high pressure, the speed being proportional to 
the spacing of isobars. In the southern hemisphere, the direction of circulation is 
reversed. Based upon this condition, a general rule (Buys Ballot’s Law) can be stated 
thus: 

If an observer in the northern hemisphere faces the wind, the center of low pressure 
is toward his right, somewhat behind him; and the center of high pressure is toward his left 
and somewhat in front of him. 

If an observer in the southern hemisphere faces the wind, the center of low pressure 
is toward his left and somewhat behind him; and the center of high pressure is toward his 
right and somewhat in front of hum. 

In a general way, these relationships apply in the case of the general distribution 
of pressure, as well as to temporary local pressure systems. 

The reason for the wind shift along a front is that the isobars have an abrupt change 
of direction along these lines, as shown in figures 3812a—3812d. Since the direction 
of the wind is directly related to the direction of isobars, any change in the latter results 
in a shift in the wind direction. 

In the northern hemisphere, the wind shifts toward the right when either a warm 
or cold front passes. In the southern hemisphere, the shift is toward the left. When 
the wind shifts in this direction (clockwise in the northern hemisphere and counter- 
clockwise in the southern hemisphere), it is said to veer. If it shifts in the opposite 
direction, as when an observer is on the poleward side of the path of a frontal wave, it 
is said to back. 

In an anticyclone, successive isobars are relatively far apart, resulting in light 
winds. In a cyclone, the isobars are more closely spaced. With a steeper pressure 
gradient, the winds are stronger. 

Since an anticyclonic area is a region of outflowing winds, air is drawn into it from 
aloft. Descending air is warmed, and as air becomes warmer, its capacity for holding 
uncondensed moisture increases. Therefore, clouds tend to dissipate. Clear skies are 
characteristic of an anticyclone, although scattered clouds and showers are sometimes 
encountered. 

In contrast, a cyclonic area is one of converging winds. The resulting upward 
movement of air results in cooling, a condition favorable to the formation of clouds and 
precipitation. More or less continuous rain and generally stormy weather are usually 
associated with a cyclone. 

Between the two belts of high pressure associated with the horse latitudes (art. 
3807), cyclones form only occasionally, generally in certain seasons, and always in 
certain areas at sea. These tropical cyclones are usually quite violent, being known 
under various names according to their location. They are discussed in chapter 


XXXIX. 


806 WEATHER AND WEATHER FORECASTS 


In the areas of the prevailing westerlies (art. 3808), cyclones are a common occur- 
rence, the cyclonic and anticyclonic circulation being a prominent feature of temperate 
latitudes. These are sometimes called extratropical cyclones to distinguish them from 
the more violent tropical cyclones. Although most of them are formed at sea, their 
formation over land is not unusual. As a general rule, they decrease in intensity when 
they encounter land, and increase when they move from the land to a water area. In 
their early stages, cyclones are elongated, as shown in figure 3812a, but as their life 
cycle proceeds, they become more nearly circular (figs. 3812b—3812d). 

3814. Local winds.—In addition to the winds of the general circulation (arts. 3804— 
3809) and those associated with cyclones and anticyclones (art. 3813), there are num- 
erous local winds which influence the weather in various places. 

The most common of these are the land and sea breezes, caused by alternate heating 
and cooling of land adjacent to water. The effect is similar to that which causes the 
monsoons (art. 3810), but on a much smaller scale, and over shorter periods. By day 
the land is warmer than the water, and by night it is cooler. This effect occurs along 
many coasts during the summer. Between about 0900 and 1100 the temperature of 
the land becomes greater than that of the adjacent water. The lower levels of air 
over the land are warmed, and the air rises, drawing in cooler air from the sea. This 
is the sea breeze. Late in the afternoon, when the sun is low in the sky, the tempera- 
ture of the two surfaces equalizes and the breeze stops. After sunset, as the land cools 
below the sea temperature, the air above it is also cooled. The contracting cool air 
becomes more dense, increasing the pressure. This results in an outflow of winds to 
the sea. This is the land breeze, which blows during the night and dies away near 
sunrise. Since the atmospheric pressure changes associated with this cycle are not 
great, the accompanying winds do not exceed gentle breezes. The circulation is gen- 
erally of limited extent, reaching a distance of perhaps 20 miles inland, and not more 
than five or six miles offshore, and to a height of a few hundred feet. In the tropics, this 
process is repeated with great regularity throughout most of the year. As the latitude 
increases, it becomes less prominent, being masked by winds of cyclonic origin (art. 
3813). However, the effect may often be present to reinforce, retard, or deflect stronger 
prevailing winds. 

Varying conditions of topography produce a large variety of local winds throughout 
the world. In light airs, winds tend to follow valleys, and to be deflected from high 
banks and shores. Many local winds have been given distinctive names. An anabatic 
wind is one which blows up an incline, as one which blows up a hillside due to surface 
heating. A katabatic wind is one which blows down an incline due to cooling of the air. 
The cooler air becomes heavier than surrounding air and flows downward along the 
incline under the force of gravity. 

A dry wind with a downward component, warm for the season, is called a foehn. 
The foehn occurs when horizontally moving air encounters a mountain barrier. As it 
blows upward to clear the barrier, it is cooled below the dew point, resulting in loss of 
moisture by cloud formation and perhaps rain. As the air continues to rise, its rate of 
cooling is reduced because the condensing water vapor gives off heat to the surrounding 
atmosphere. After crossing the mountain barrier, the air flows downward along the 
leeward slope, being warmed by compression as it descends to lower levels. Thus, since 
it loses less heat on the ascent than it gains during descent, and since it loses moisture 
during ascent, it arrives at the bottom of the mountains as very warm, dry air. This 
accounts for the warm, arid regions along the eastern side of the Rocky Mountains and 
in similar areas. In the Rocky Mountain region this wind is known by the name 
chinook. It may occur at any season of the year, at any hour of the day or night, and 
have any speed from a gentle breeze toagale. It may last for several days, or for a very 
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short period. Its effect is most marked in winter, when it may cause the temperature to 
rise as much as 20°F to 30°F within 15 minutes, and cause snow and ice to melt within 
a few hours. On the west coast of the United States, the name “chinook” is given to a 
moist southwesterly wind from the Pacific Ocean, warm in winter and cool in summer. 
Cloudy weather and rain may accompany or follow this wind, which is thus quite differ- 
ent from the other chinook mentioned above. A foehn given the name Santa Ana blows 
through a pass and down a valley by that name in Southern California. This wind 
usually starts suddenly, without warning, and blows with such force that it may capsize 
small craft off the coast. 

A cold wind blowing down an incline is called a fall wind. Although it is warmed 
somewhat during descent, as is the foehn, it is cold relative to the surrounding air. 
_ It occurs when cold air is dammed up in great quantity on the windward side of a moun- 
tain and then spills over suddenly, usually as an overwhelming surge down the other 
side. It is usually quite violent, sometimes reaching hurricane force. A different 
name for this type wind is given at each place where it is common. The williwaw of 
the Aleutian coast, the tehuantepecer of the Mexican and Central American coast, the 
pampero of the Argentine coast, the mistral of the western Mediterranean, and the 
bora of the eastern Mediterranean are examples of this type wind. 

Many other local winds common to certain areas have been given distinctive 
names. 

A blizzard is a violent, intensely cold wind laden with snow mostly or entirely 
picked up from the ground, although the term is often used popularly to refer to any 
heavy snowfall accompanied by strong wind. A dust whirl is a rotating column of air 
about 100 to 300 feet in height, carrying dust, leaves, and other light material. This 
wind, which is similar to a waterspout at sea (art. 3825), is given various local names 
such as dust devil in southwestern United States and desert devil in South Africa. A 
gust is a sudden, brief increase in wind speed followed by a slackening, or the violent 
wind or squall that accompanies a thunderstorm. A puff of wind or a light breeze 
affecting a small area, such as would cause patches of ripples on the surface of water, 
is called a cat’s paw. 

3815. Fog, like a cloud (art. 3714), is a visible assemblage of numerous tiny 
droplets of water, or ice crystals, formed by condensation of water vapor in the air. 
However, the base of a cloud is above the surface of the earth, while fog is in contact 
with the surface. 

Radiation fog forms over low-lying land on clear, calm nights. As the land 
radiates heat and becomes cooler, it cools the air immediately above the surface. This 
causes a temperature inversion to form, the temperature for some distance upward 
increasing with height. If the air is cooled to its dew point (art. 3713), fog forms. 
Often, cooler and more dense air drains down surrounding slopes to heighten the 
effect. Radiation fog is often quite shallow, and is usually thickest at the surface. 
After sunrise the fog may “‘ift,’’ as shown in figure 3815, and gradually dissipate, 
usually being entirely gone by noon. At sea the temperature of the water undergoes 
little change between day and night, and so radiation fog is seldom encountered more 
than ten miles from shore. 

Advection fog forms when warm, moist air blows over a colder surface and is cooled 
below its dew point. This type, most commonly encountered at sea, may be quite 
thick and often persists over relatively long periods. The maximum density might 
be at nearly any height. Advection fog is common over cold ocean currents. If the 
wind is strong enough to thoroughly mix the air, condensation may take place at some 
distance above the surface of the earth, forming low stratus clouds (art. 3714) rather 


than fog. 
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Off the coast of California, winds create an offshore current which displaces the 
warm surface water, causing an upwelling of colder water. Moist air being transported 
along the coast in the same wind system is cooled, and advection fog results. In the 
coastal valleys, fog is sometimes formed when moist air blown inland during the after- 
noon is cooled by radiation during the night. Both of these are called California fog 
because they are peculiar to California and its coastal valleys. 
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Fieure 3815.—Formation and dissipation of radiation fog. 


When very cold air moves over warmer water, wisps of visible water vapor may 
rise from the surface as the water “steams,” as shown in figure 2505. In extreme cases 
this frost smoke, or arctic sea smoke, may rise to a height of several hundred feet, 
the portion near the surface constituting a dense fog which obscures the horizon and 
surface objects, but usually leaves the sky relatively clear. 

Fog consisting of ice crystals is called ice fog, or pogonip by Western American 
Indians. Thin fog of relatively large particles, or very fine rain lighter than drizzle, 
is called mist. A mixture of smoke and fog is called smog. 
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Haze consists of fine dust or salt particles in the air, too small to be individually 
apparent, but in sufficient number to reduce horizontal visibility and cast a bluish or 
yellowish veil over the landscape, subduing its colors and making objects appear 
indistinct. This is sometimes called dry haze to distinguish it from damp haze, which 
consists of small water droplets or moist particles in the air, smaller and more scattered 
than light fog. In international meteorological practice, the term “haze” is used to 
refer to a condition of atmospheric obscurity caused by dust and smoke. 

3816. Mirage.—As explained in article 1613, light is refracted as it passes through 
the atmosphere. When refraction is normal, objects appear slightly elevated, and the 
visible horizon is farther from the observer than it otherwise would be. Since the 
effects are uniformly progressive, they are not apparent to the observer. When re- 
fraction is not normal, some form of mirage may occur. A mirage is an optical phe- 
nomenon in which objects appear distorted, displaced (raised or lowered), magnified, 
multiplied, or inverted due to varying atmospheric refraction which occurs when a 
layer of air near the earth’s surface differs greatly in density from surrounding air. 
This may occur when there is a rapid and sometimes irregular change of temperature 
or humidity with height. 

If there is a temperature inversion (increase of temperature with height), par- 
ticularly if accompanied by a rapid decrease in humidity, the refraction is greater than 
normal. Objects appear elevated, and the visible horizon is farther away. Objects 
which are normally below the horizon become visible. This is called looming. If 
the upper portion of an object is raised much more than the bottom part, the object 
appears taller than usual, an effect called towering. If the lower part of an object is 
raised more than the upper part, the object appears shorter, an effect called stooping. 
When the refraction is greater than normal, a superior mirage may occur. An in- 
verted image is seen above the object, and sometimes an erect image appears over the 
inverted one, with the bases of the two images touching. Greater than normal refraction 
usually occurs when the water is much colder than the air above it. 

If the temperature decrease with height is much greater than normal, refraction 
is less than normal, or may even cause bending in the opposite direction. Objects 
appear lower than normal, and the visible horizon is closer to the observer. This is 
called sinking. Towering or stooping may occur if conditions are suitable. When 
the refraction is reversed, an inferior mirage may occur. A ship or an island appears to 
be floating in the air above a shimmering horizon, possibly with an inverted image 
beneath it. Conditions suitable to the formation of an inferior mirage occur when 
the surface is much warmer than the air above it. This usually requires a heated land 
mass, and therefore is more common near the coast than at sea. 

When refraction is not uniformly progressive, objects may appear distorted, taking 
an almost endless variety of shapes. The sun when near the horizon is one of the objects 
most noticeably affected. A fata morgana is a complex mirage characterized by marked 
distortion, generally in the vertical. It may cause objects to appear towering, 
magnified, and at times even multiplied. 

3817. Sky coloring.—White light is composed of light of all colors. Color is 
related to wave length, the visible spectrum varying from about 0.000038 to 0.000076 
centimeters (art. 1003). The characteristics of each color are related to its wave 
length (or frequency). Thus, the shorter the wave length, the greater the amount of 
bending when light is refracted. It is this principle that permits the separation of light 
from celestial bodies into a spectrum ranging from red, through orange, yellow, green, 
and blue, to violet, with long-wave infrared (black light) being slightly outside the 
visible range at one end and short-wave ultraviolet being slightly outside the visible 
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range at the other end. Light of shorter wave length is scattered and diffracted more 
than that of longer wave length. 

Light from the sun and moon is white, containing all colors. As it enters the earth’s 
atmosphere, a certain amount of it is scattered. The blue and violet, being of shorter 
wave length than other colors, are scattered most. Most of the violet light is absorbed 
in the atmosphere. Thus, the scattered blue light is most apparent, and the sky 
appears blue. At great heights, above most of the atmosphere, it appears black. 

When the sun is near the horizon, its light passes through more of the atmosphere 
than when higher in the sky, resulting in greater scattering and absorption of blue and 
green light, so that a larger percentage of the red and orange light penetrates to the 
observer. For this reason the sun and moon appear redder at this time, and when 
this light falls upon clouds, they appear colored. This accounts for the colors at sunset 
and sunrise. As the setting sun approaches the horizon, the sunset colors first appear as 
faint tints of yellow and orange. As the sun continues to set, the colors deepen. Con- 
trasts occur, due principally to difference in height of clouds. As the sun sets, the clouds 
become a deeper red, first the lower clouds and then the higher ones, and finally they 
fade to a gray. 

When there is a large quantity of smoke, dust, or other material in the sky, unusual 
effects may be observed. If the material in the atmosphere is of suitable substance 
and quantity to absorb the longer wave red, orange, and yellow radiations, the sky 
may have a greenish tint, and even the sun or moon may appear green. If the green 
light, too, is absorbed, the sun or moon may appear blue. A green moon or blue moon 
is most likely to occur when the sun is slightly below the horizon and the longer wave 
length light from the sun is absorbed, resulting in green or blue light being cast upon the 
atmosphere in front of the moon. The effect is most apparent if the moon is on the same 
side of the sky as the sun. 

3818. Rainbows.—The familiar arc of concentric colored bands seen when the sun 
shines on rain, mist, spray, etc., is caused by refraction, internal reflection, and diffrac- 
tion of sunlight by the drops of water. The center of the arc is a point 180° from the 
sun, in the direction of a line from the sun, through the observer. The radius of the 
brightest rainbow is 42°. The colors are visible because of the difference in the amount 
of refraction of the different colors making up white light, the light being spread out to 
form a spectrum (art. 3817). Red is on the outer side and blue and violet on the 
inner side, with orange, yellow, and green between, in that order from red. 

Sometimes a secondary rainbow is seen outside the primary one, at a radius of 
about 50°. The order of colors of this rainbow is reversed. On rare occasions a faint 
rainbow is seen on the same side as the sun. The radius of this rainbow and the order 
of colors are the same as those of the primary rainbow. 

A similar are formed by light from the moon (a lunar rainbow) is called a moonbow. 
The colors are usually very faint. A faint, white arc of about 39° radius is occasionally 
seen in fog opposite the sun. This is called a foghow, although its origin is controver- 
sial, some considering it a halo (art. 3819). 

. 3819. Halos.— Refraction, or a combination of refraction and reflection, of light by 
ice crystals in the atmosphere (cirrostratus clouds, art. 3714) may cause a halo to appear. 
The most common form is a ring of light of radius 22° or 46° with the sun or moon at the 
center. Occasionally a faint, white circle with a radius of 90° appears around the sun. 
This is called a Hevelian halo. It is probably caused by refraction and internal reflec- 
tion of the sun’s light by bipyramidal ice crystals. A halo formed by refraction is 


usually faintly colored like a rainbow (art. 3818), with red nearest the celestial body, 
and blue farthest from it. 
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A brilliant rainbow-colored arc of about a quarter of a circle with its center at the 
zenith, and the bottom of the arc about 46° above the sun, iscalled a circumzenithal are. 
Red is on the outside of the arc, nearest the sun. It is produced by the refraction and 
dispersion of the sun’s light striking the top of prismatic ice crystals in the atmosphere. 
It usually lasts for only about five minutes, but may be so brilliant as to be mistaken 
for an unusually bright rainbow. A similar arc formed 46° below the sun, with red on 
the upper side, is called a cireumhorizontal arc. Any arc tangent to a heliocentric halo 
(one surrounding the sun) is called a tangent are. As the sun increases in elevation, 
such arcs tangent to the halo of 22° gradually bend their ends toward each other. If 
they meet, the elongated curve enclosing the circular halo is called a circumscribed 
halo. The inner edge is red. 

A halo consisting of a faint, white circle through the sun and parallel to the horizon 
is called a parhelic circle. A similar one through the moon is called a paraselenic circle. 
They are produced by reflection of sunlight or moonlight from vertical faces of ice 
crystals. 

A parhelion (plural parhelia) is a form of halo consisting of an image of the sun 
at the same altitude and some distance from it, usually 22°, but occasionally 46°. A 
similar phenomenon occurring at an angular distance of 120° (sometimes 90° or 140°) 
from the sun is called a paranthelion. One at an angular distance of 180°, a rare oc- 
currence, is called an anthelion, although this term is also used to refer to a luminous, 
colored ring or glory sometimes seen around the shadow of one’s head on a cloud or fog 
bank. A parhelion is popularly called a mock sun or sun dog. Similar phenomena 
in relation to the moon are called paraselene (popularly a mock moon or moon dog), 
parantiselene, and antiselene. The term parhelion should not be confused with 
perihelion, that orbital point nearest the sun when the sun is the center of attraction 
(art. 1407). 

A sun pillar is a glittering shaft of white or reddish light occasionally seen extending 
above and below the sun, usually when the sun is near the horizon. A phenomenon 
similar to a sun pillar, but observed in connection with the moon, is called a moon pillar. 
A rare form of halo in which horizontal and vertical shafts of light intersect at the sun 
is called a sun cross. It is probably due to the simultaneous occurrence of a sun pillar 
and a parhelic circle. 

3820. Corona.—When the sun or moon is seen through altostratus clouds (art. 
3714), its outline is indistinct, and it appears surrounded by a glow of light called a 
corona. This is somewhat similar in appearance to the corona seen around the sun 
during a solar eclipse (art. 1424). When the effect is due to clouds, however, the glow 
may be accompanied by one or more rainbow-colored rings of small radii, with the 
celestial body at the center. These can be distinguished from a halo by their much 
smaller radii and also by the fact that the order of the colors is reversed, red being on 
the inside, nearest the body, in the case of the halo, and on the outside, away from the 
body, in the case of the corona. 

A corona is caused by diffraction of light by tiny droplets of water. The radius 
of a corona is inversely proportional to the size of the water droplets. A large 
corona indicates small droplets. If a corona decreases in size, the water droplets are 
becoming larger and the air more humid. This may be an indication of an approach- 
ing rainstorm. 

The glow portion of a corona is called an aureole. 

3821. The green flash.—As light from the sun passes through the atmosphere, it is 
refracted. Since the amount of bending is slightly different for each color, separate 
images of the sun are formed in each color of the spectrum. The effect is similar to that 
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of imperfect color printing in which the various colors are slightly out of register. 
However, the difference is so slight that the effect is not usually noticeable. At the 
horizon, where refraction is maximum, the greatest difference, which oecurs between 
violet at one end of the spectrum and red at the other, is about ten seconds of arc. At 
latitudes of the United States, about 0.7 second of time is needed for the sun to change 
altitude by this amount when it is near the horizon. The red image, being bent least 
by refraction, is first to set and last to rise. The shorter wave blue and violet colors 
are scattered most by the atmosphere, giving it its characteristic blue color (art. 3817). 
Thus, as the sun sets, the green image may be the last of the colored images to drop out 
of sight. If the red, orange, and yellow images are below the horizon, and the blue 
and violet light is scattered and absorbed, the upper rim of the green image is the only 
part seen, and the sun appears green. This is the green flash. The shade of green 
varies, and occasionally the blue image is seen, either separately or following the green 
flash (at sunset). On rare occasions the violet image is also seen. These colors may 
also be seen at sunrise, but in reverse order. They are occasionally seen when the sun 
disappears behind a cloud or other obstruction. 

The phenomenon is not observed at each sunrise or sunset, but under suitable con- 
ditions is far more common than generally supposed. Conditions favorable to obser- 
vation of the green flash are a sharp horizon, clear atmosphere, a temperature inversion 
(art. 3815), and an attentive observer. Since these conditions are more frequently 
met when the horizon is formed by the sea than by land, the phenomenon is more 
common at sea. With a sharp sea horizon and clear atmosphere, an attentive observer 
may see the green flash at as many as 50 percent of sunsets and sunrises, although a 
telescope may be needed for some of the observations. 

Duration of the green flash (including the time of blue and violet flashes) of as 
long as ten seconds has been reported, but such length is rare. Usually it lasts for a 
period of about half a second to two and one-half seconds with about one and a quarter 
seconds being average. This variability is probably due primarily to changes in the 
index of refraction (art. 1613) of the air near the horizon. 

Under favorable conditions, a momentary green flash has been observed at the 
setting of Venus and Jupiter. A telescope improves the chances of seeing such a flash 
from a planet, but is not a necessity. 

3822. Crepuscular rays are beams of light from the sun passing through openings 
in the clouds, and made visible by illumination of dust in the atmosphere along their 
paths. Actually, the rays are virtually parallel, but because of perspective appear to 
diverge. Those appearing to extend downward are popularly called backstays of the 
sun, or sun drawing water. Those extending upward and across the sky, appearing 
to converge toward a point 180° from the sun, are called anticrepuscular rays. 

3823. The atmosphere and radio waves.—Radio waves traveling through the at- 
mosphere exhibit many of the properties of light, being refracted, reflected, diffracted, 
and scattered. These and other effects are discussed in chapter X. 

3824. Atmospheric electricity—Various conditions induce the formation of elec- 
trical charges in the atmosphere. When this occurs, there is often a difference of 
electron charge between various parts of the atmosphere, and between the atmosphere 
and earth or terrestrial objects. When this difference exceeds a certain minimum 
value depending upon the conditions, the static electricity is discharged, resulting in 
phenomena such as lightning or St. Elmo’s fire. 

Lightning is the discharge of electricity from one part of a thundercloud (art. 
3714) to another, from one such cloud to another, or between such a cloud and the 
earth or a terrestrial object. 
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Enormous electrical stresses build up within thunderclouds and between such 
clouds and the earth. At some point the resistance of the intervening air is overcome. 
At first the process is a progressive one, probably starting as a brush discharge (St. 
Elmo’s fire) and growing by ionization. The breakdown follows an irregular path 
along the line of least resistance. A hundred or more individual discharges may be 
necessary to complete the path between points of opposite polarity. When this 
“leader stroke” reaches its destination, a heavy “main stroke” immediately follows in 
the opposite direction. This main stroke is the visible lightning, which may be tinted 
any color, depending upon the nature of the gases through which it passes. The 
illumination is due to the high degree of ionization of the air, which causes many of the 
atoms to be in excited states and emit radiation. 

Thunder, the noise that often accompanies lightning, is caused by the heating 
and ionizing of the air by lightning, which results in rapid expansion of the air along its 
path and the sending out of a compression wave. Thunder may be heard at a distance 
of as much as 15 miles, but generally does not carry that far. The elapsed time 
between the flash of lightning and reception of the accompanying sound of thunder is 
an indication of the distance, because of the difference in travel time of light and sound. 
Since the former is comparatively instantaneous, and the speed of sound is about 1,117 
feet per second, the approximate distance in nautical miles is equal to the elapsed time 
in seconds, divided by 5.5. If there is no accompanying thunder, the flash is called 
heat lightning. 

St. Elmo’s fire is a luminous discharge of electricity from pointed objects such 
as the masts and yardarms of ships, lightning rods, steeples, mountain tops, blades of 
grass, human hair, arms, etc., when there is a considerable difference in the electrical 
charge between the object and theair. It appears most frequently during a storm. An 
object from which St. Elmo’s fire emanates is in danger of being struck by lightning, since 
this type discharge may be the initial phase of the leader stroke. Throughout history 
those who have not understood St. Elmo’s fire have regarded it with superstitious awe, 
considering it a supernatural manifestation. This view is reflected in the name corposant 
(from “‘corpo santo,’’ meaning ‘‘body of a saint’’) sometimes given this phenomenon. 

The aurora is a luminous glow appearing in varied forms in the thin atmosphere 
high above the earth, due to radiation from the sun. This phenomenon is discussed in 
article 2526. 

3825. Waterspouts.—A waterspout is a small, whirling storm over the ocean or 
inland waters. Its chief characteristic is a funnel-shaped cloud extending, in a fully 
_ developed spout, from the surface of the water to the base of a cumulus type cloud 
(fig. 3825). The water in a spout is mostly confined to its lower portion, and may be 
either salt spray drawn up by the sea surface, or fresh water resulting from condensa- 
tion due to the lowered pressure in the center of the vortex creating the spout. Water- 
spouts usually rotate in the same direction as cyclones (counterclockwise in the northern 
hemisphere and clockwise in the southern hemisphere), but.the opposite rotation is 
occasionally observed. They are found most frequently in tropical regions, but are 
not uncommon in higher latitudes. 

Waterspouts may be divided into two classes, according to their different origins 
and appearances. In the true waterspout, the vortex is formed in clouds by the inter- 
action of air currents flowing in opposite directions. This type occurs mainly in the 
vicinity of a squall line (art. 3812). A similar disturbance over land is called a tornado. 
The second type, which may be considered a pseudo waterspout, originates Just above 
the water surface, in unstable air, and builds upward, frequently under clear skies. 
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Figure 3825.—Waterspouts. 


This type is identical to the whirling pillars of sand and dust often seen on deserts 
(art. 3814) and usually occurs only over very warm water surfaces. 

Waterspouts vary in diameter from a few feet to several hundred feet, and in 
height from a few hundred feet to several thousand feet. Sometimes they assume 
fantastic shapes and may even seem to coil about themselves. Since a waterspout is 
often inclined to the vertical, its actual length may be much greater than indicated by 
its height. The highest waterspout on record was one of 5,014 feet observed near New 
South Wales, Australia, on May 16, 1898. 

3826. Deck ice.—Ships traveling through regions where the air temperature is 
below freezing may acquire thick deposits of ice as a result of salt spray freezing on 
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the rigging or deck areas (fig. 3826). Also, precipitation may freeze to the superstruc- 
ture and exposed areas of the vessel, increasing the load of ice. 

On small vessels in heavy seas and freezing weather, deck ice may accumulate 
very rapidly and increase the topside weight to such an extent as to reduce seriously 
the stability of the vessel. 

3827. Forecasting weather.—The prediction of weather at some future time is 
based upon an understanding of weather processes, and observations of present condi- 
tions. Thus, one learns that when there is a certain sequence of cloud types (art. 
3714), rain can usually be expected to follow within a certain period. If the sky is 
cloudless, more heat will be received from the sun by day, and more heat will be radiated 
outward from the warm earth by night than if the sky is overcast. If the wind is in 
such a direction that warm, moist air will be transported to a colder surface, fog can be 
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FIGURE 3826.— Deck ice. 


expected. A falling barometer indicates the approach of a “low,” probably accom- 
panied by stormy weather. Thus, before the science of meteorology was developed, 
many individuals learned to interpret certain phenomena in terms of future weather, 
and to make reasonably accurate forecasts for short periods into the future. 

With the establishment of weather observation stations, additional information 
became available. As such observations expanded, and communication facilities 
improved, knowledge of simultaneous conditions over wider areas became available. 
This made possible the collection of these “synoptic” reports at civilian forecast 
centers and Navy Fleet Weather Centrals. 

The individual observations are made at government-operated stations on shore, 
and aboard vessels at sea. Observations aboard merchant ships at sea are made 
and transmitted on a voluntary and cooperative basis. The various national mete- 
orological services supply shipmasters with blank forms, printed instructions, and other 
materials essential to the making, recording, and interpreting of observations. Any 
shipmaster can render a particularly valuable service by reporting all contacts with 
tropical cyclones (ch. XX XIX). 
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Symbols and numbers are used to indicate on a synoptic chart, popularly called a 
weather map, the conditions at each observation station. Isobars are drawn through 
lines of equal atmospheric pressure, fronts are located and marked by symbol (fig. 
3827), areas of precipitation and fog are indicated, etc. 

Ordinarily, surface charts are prepared every six hours, but at a few centers they 
are drawn every three hours. In addition, synoptic charts for selected heights are 


LEGEND 

Type Symbol Coloring 
COLD FRONT DAD AAAAA BLUE LINE 
WARM FRONT Iwwwrwrw ww RED LINE 
OCCLUDED FRONT IVOVOVIVOVE PURPLE LINE 
STATIONARY FRONT I ATE gE, mS em ALTERNATE RED & BLUE 
UPPER COLD FRONT INO GY ed a) 


DASHED BLUE LINE 
FreurE 3827.— Designation of fronts on weather maps. 


prepared two to four times per day. Knowledge of conditions aloft is of value in estab- 
lishing the three-dimensional structure of the atmosphere at any time, and the motions 
upon which forecasts are based. 

By studying the latest synoptic weather chart and comparing it with previous 
charts, a trained meteorologist having a knowledge of local weather peculiarities can 
draw certain inferences regarding future weather, and issue a forecast. Weather 
forecasts are essentially a form of extrapolation (art. P6). Past changes and present 
trends are used to predict future events. In areas where certain sequences follow with 
great certainty, the probability of an accurate forecast is very high. In transitional 
areas, or areas where an inadequate number of synoptic reports is available, the fore- 
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casts are less reliable. Forecasts, then, are based upon the principles of probability 
(ch. X XIX), and where nature provides low probability, high reliability should not 
be expected. In any area, the probability of a given event occurring decreases with 
the lead time. Thus, a forecast for six hours after a synoptic chart is drawn should be 
more reliable than one for 24 hours ahead. Long-term forecasts for two weeks or a 
month in advance are limited to general statements. For example, a prediction is 
made as to which areas will have temperatures above or below normal, and how 
precipitation will compare with normal, but no attempt is made to state that rainfall 
will occur at a certain time and place. 

Forecasts are issued for various areas. The national meteorological services of 
most maritime nations, including the United States, issue forecasts for ocean areas and 
warnings of the approach of storms. The efforts of the various nations are coordi- 
nated through the World Meteorological Organization. 

3828. Dissemination of weather information is carried out in a number of ways. 
Forecasts are widely broadcast by commercial and government radio stations, and 
printed in newspapers. Shipping authorities on land are kept informed by telegraph and 
telephone. Visual storm warnings are displayed in various ports, and storm warnings 
are broadcast by radio. 

Through the use of codes, a simplified version of synoptic weather charts is 
transmitted to various stations ashore and afloat. Rapid transmission of completed 
maps has been made possible by the development of facsimile transmitters and re- 
ceivers. This system is based upon detailed scanning, by a photoelectric detector, 
of properly illuminated black and white copy. The varying degrees of light intensity 
are converted to electric energy which is transmitted to the receiver and converted 
back to a black and white presentation. 

Complete information on dissemination of weather information by radio is given 
in H.O. Pubs. Nos. 118-A and 118-B, Radio Weather Aids. This publication lists 
broadcast schedules and weather codes. Information on day and night visual storm 
warnings is given in the various volumes of sailing directions and coast pilots. 

3829, Interpreting the weather.—The factors which determine weather are numer- 
ous and varied. Ever-increasing knowledge regarding them makes possible a contin- 
ually improving weather service. However, the ability to forecast is acquired through 
study and long practice, and therefore the services of a trained meteorologist should 
be utilized whenever available. 

The value of a forecast is increased if one has access to the information upon 
which it is based, and understands the principles and processes involved. It is some- 
times as important to know the various types of weather that might be experienced as 
it is to know which of several possibilities is most likely to occur. 

At sea, reporting stations are unevenly distributed, sometimes leaving relatively 
large areas with incomplete reports, or none at all. Under these conditions, the loca- 
tions of highs, lows, fronts, etc., are imperfectly known, and their very existence may 
even be in doubt. At such times the mariner who can interpret the observations made 
from his own vessel may be able to predict weather during the next 24 hours more 
reliably than a trained meteorologist some distance away with incomplete information. 

Knowledge of the various relationships given in chapters XXXVII, XXXVIII, 
and XX XIX is of value, but only the more elementary principles are presented. Fur- 
ther information can be obtained from meteorological publications such as those 
listed at the ends of the weather chapters. The information obtained from these 
references will provide a background for proper interpretation of individual experience. 
If one uses every opportunity to observe and interpret weather sequences, he can 
develop knowledge and skill that will serve as a valuable supplement to information 
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given in weather broadcasts, or to supply information for areas not covered by such 
broadcasts. ; 

3830. Influencing the weather.—Meteorological activities are devoted primarily 
to understanding weather processes, and predicting future weather. However, as 
knowledge regarding cause-and-effect relationships increases, the possibility of being 
able to induce certain results by artificially producing the necessary conditions becomes 
greater. The most promising results to date have been in the encouraging of precipi- 
tation by “seeding” supercooled clouds with powdered dry ice or silver iodide smoke. 
The effectiveness of this procedure is controversial. Various methods of decreasing 
the intensity of tropical cyclones, or of diverting their courses, have been suggested, 
but a satisfactory method has not been devised. 

If a way is found to influence weather on a major scale, legal and possibly moral 
problems will be created due to conflicting interests. 
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CHAPTER XXXIX 
TROPICAL CYCLONES 


3901. Introduction.—A tropical cyclone is a violent cyclone (art. 3813) originating 
in the tropics. Although it generally resembles the extratropical cyclone originating 
in higher latitudes, there are important differences, the principal one being the con- 
centration of a large amount of energy into a relatively small area. Tropical cyclones 
are infrequent in comparison with middle- and high-latitude storms, but they have a 
record of destruction far exceeding that of any other type of storm. Because of their © 
fury, and the fact that they are predominantly oceanic, they merit the special attention 
of all mariners, whether professional or amateur. 

Rarely does the mariner who has experienced a fully developed tropical cyclone 
at sea wish to encounter a second one. He has learned the wisdom of avoiding them 
if possible. The uninitiated may be misled by the deceptively small size of a tropical 
cyclone as it appears on a weather map, and by the fine weather experienced only a 
few hundred miles from the reported center of such a storm. The rapidity with which 
the weather can deteriorate with approach of the storm, and the violence of the fully 
developed tropical cyclone, are difficult to visualize if they have not been experienced. 

3902. Areas of occurrence.—Tropical cyclones occur almost entirely in six rather 
distinct regions, four in the northern hemisphere and two in the southern hemisphere, 
as shown in figure 3902. The name by which such a disturbance is commonly known 
varies somewhat with the locality, as follows: 

Region I. North Atlantic (West Indies, Caribbean Sea, Gulf of Mexico, and 
waters off the East Coast of the United States). A tropical cyclone with winds of 64 
knots or greater is called a hurricane. 
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Fictre 3902.—Areas in which tropical cyclones occur, and their approximate tracks. 
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Region II. Southeastern North Pacific (waters off west coast of Mexico and 
Central America). The name hurricane is applied, as in Region I. 

Region III. Far East (the entire area west of the Mariana and Caroline Islands, 
across the Philippines and the China Sea, and northeastward to China and Japan). 
A fully developed storm with winds of 60 knots or greater is called a typhoon or, locally 
in the Philippine Islands, a baguio. 

Region IV. A. Arabian Sea. B. Bay of Bengal. In these areas the storms 
are called cyclones. 

Region V. South Indian Ocean (in the vicinity and to the east of Madagascar). 
As in Region IV, the tropical cyclone is called a cyclone. 

Region VI. A. Australian waters (to longitude 160°E). B. South Pacific (the 
western portion, east of longitude 160°E). Several names are applied in this area, 
cyclone being the most common. One originating in the Timor Sea and moving south- 
west and then southeast across the interior of northwestern Australia is called a willy- 
willy. One to the east of Australia may be called a hurricane. 

The only tropical ocean area in which tropical cyclones have not been encountered 
at some time is the South Atlantic. 

As a tropical cyclone moves out of the tropics to higher latitudes, it normally 
loses energy slowly, expanding in area until it gradually dissipates or acquires the 
characteristics of extratropical cyclones. At any stage, a tropical cyclone normally 
loses energy at a much faster rate if it moves over land. 

3903. Season and frequency of occurrence.—In Region III tropical cyclones may 
be encountered in any month of the year, though less frequently in winter than in 
summer. In the other regions, they occur only in the summer or autumn of that area, 
as shown in figure 3903. The total number for the northern hemisphere reaches a sharp 
peak in September. In general, this is the month of greatest frequency in each of the 
first four regions, although the Far East reaches its maximum in August, and in the 
Arabian Sea there are two peaks, one in June, and the other in late October. In the 
southern hemisphere, the maximum number is not as sharply peaked, being distributed 
nearly equally over January, February, and March, the summer season of that 
hemisphere. 

The occurrence of tropical cyclones in an area is not as regular as might be inferred 
from a curve such as any of those of figure 3903, which are averages over a great many 
years. Even near the peak of a tropical cyclone season in any area there are periods 
when no tropical storms are observed. At the other extreme, as many as three hurri- 
canes have been in progress at the same time in the North Atlantic, and as many as four 
typhoons in the Far East. The average total number of tropical cyclones occurring 
per year is 43 in the Northern Hemisphere and 13 in the Southern Hemisphere, or 56 
throughout the world. However, the actual number in an area varies greatly from year 
to year. In the North Atlantic, where the greatest irregularity occurs, there have been 
as few as two and as many as 21 in a year, although the average number is seven. In 
the Far East, the number has varied from 13 to 25. 

3904. Storm tracks.—Tropical cyclones form over the ocean, in low latitudes. As 
one forms, it drifts slowly westward with the current of free air in which it forms. As 
it reaches the edge of a subtropical anticyclone, the storm, together with the general 
mass of air, drifts farther from the equator, in many instances curving poleward and 
then eastward with the winds of the general circulation (art. 3804). In general, a 
tropical cyclone moves very slowly at first, its speed varying from about five to 20 
knots. The speed gradually increases as the storm progresses, and may, in a few 
instances, reach a value of 50 knots or more when the storm reaches temperate latitudes. 
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The average track varies somewhat as the season progresses, and individual storm 
tracks may differ widely from the average. Region I, the North Atlantic, is typical of 
the changes. In August, about 80 percent originate in the southern North Atlantic 
and the eastern Caribbean, and about 20 percent in the western Caribbean and Gulf of 
Mexico. About 60 percent curve toward theright, roughly paralleling the coast of North 
America, and about 40 percent continue on westward, as shown in figure 3904a. 

By the peak of the season, in September, the number forming in the southern North 
Atlantic and eastern Caribbean has dropped to 70 percent, but the number curving to- 
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Figure 3903.—Average number of tropical disturbances per month in the various regions. 


ward the right has increased to about the same percentage. The normal track has 
moved a little farther offshore in the lower latitudes, but has straightened somewhat 
so as to pass over eastern Newfoundland. This is shown in figure 3904b. 

By October, the number originating in the southern North Atlantic and eastern 
Caribbean has dropped to 50 percent; and 80 percent of them curve, but at a point 
farther west, and more sharply, as shown in figure 3904c._ By November, the change 
has been somewhat back toward the condition in September. As the season progresses, 
the deviation from average becomes greater and more common. 
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Figure 3904a.— Average North Atlantic storm tracks in August. 
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Figure 3904b.—Average North Atlantic storm tracks in September. | 
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Figure 3904c.—Average North Atlantic storm tracks in October. 


The differences, both in the averages and in individual tracks, are due to differ- 
ences in the pressure pattern, particularly the location and movement of highs, which 
any cyclone tends to avoid. 

3905. Life cycle.—The life cycle of a tropical cyclone may be considered to consist 
of four rather distinct stages, as follows: 

Formation. A cyclonic circulation (art. 3813) develops, and wind speed increases 
to hurricane force (64 knots) over a restricted area near the center. Atmospheric 
pressure drops to about 1,000 millibars (29.53 inches). This stage may occupy several 
days, or may be completed in a period of 12 hours or less. 

Immaturity. The pressure at the center continues to fall (the storm ‘‘deepens’’) 
and the wind speed increases, but the storm is still confined to a small area. 

Maturity. The pressure at the center remains about the same, but the area of 
hurricane winds expands, to a radius of perhaps 150 to 200 miles, with winds of gale 
force (app. R) extending to perhaps 300 miles. Individual storms may differ con- 
siderably from these averages. 

Decay. The area continues to increase, the pressure at the center rises, and the 
wind speed decreases. The storm loses its tropical characteristics and gradually 
dissipates, a process that may require several days over an ocean area. Over land the 
decay is more rapid. 

3906. Origin and development.—Tropical cyclones originate between the doldrums 
(art. 3805) and the zones of the strongest trade winds. This accounts, at least partly, 
for the absence of such storms in the South Atlantic, for the Atlantic doldrums remain 
several degrees north of the equator except for occasional brief periods. 

Some of the details regarding the formation of tropical cyclones are not understood, 
but the fact that such storms form only over water, and dissipate rapidly if they en- 
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counter land, probably indicates the need for a supply of water vapor. Over the 
tropical ocean this is abundantly available in the lower portion of the atmosphere. 
When a low develops over tropical oceans, hot, vapor-laden air flows in from adjacent 
regions. This air ascends near the center of the low, and condensation occurs. Each 
pound of water vapor that condenses into cloud or rain liberates approximately 970 
British thermal units (art. 3711) of heat. This heat warms the surrounding air, thus 
increasing further the instability, and hastening the ascent of the air. Thus, the pressure 
continues to drop and the winds increase in speed, bringing in an increasing quantity 
of warm, moist air from the regions surrounding the low. At some height, the ascending 
air flows outward from the center of the cyclonic circulation. This process of inward 
flow, rising air current, condensation, warming, and high-level outflow causes the low 
to deepen and the wind speed to increase. Thus, as long as conditions remain suitable, 
the storm grows more intense. 

While the actual mechanics of tropical cyclone formation are somewhat more 
involved than just described, the essential steps are given. Several theories exist 
regarding the details of initial formation of the low pressure area. Dropping pressure 
at the surface due to disturbances at high levels of the atmosphere; interaction of two 
air streams to produce a cyclonic eddy, causing convergence of surface air and the 
resulting ascent; and the joining of minor disturbances in the wind and pressure 
patterns in the atmosphere are all considered possibilities. The process is probably 
begun by several factors which combine in just the right relationship. 

When it becomes fully developed, a tropical cyclone covers a well-defined area, 
more or less circular in shape, within which the atmospheric pressure decreases rapidly 
toward the center. This decrease of pressure may amount to a maximum of 0.01 or 
even 0.02 inch per mile. Because of the rapid decrease of pressure with distance, the 
wind speed is high, being greatest at the regions of steepest pressure gradient. 

At the center of the storm, there is normally an area five to 30 miles in diameter 
(most often ten to 15 miles) within which the wind speed drops to a relative calm, 
usually ten to 15 knots or less. This is the eye of the storm. Ascending air causes 
the dense cover of clouds to give way to a thin layer of low clouds with holes through 
which the sun may shine. Around the edge of the eye, the wind speed increases from 
the relative calm to the full fury of maximum speed within a distance of a few feet. 
Here the heavy cloud seems thickest, and the torrential rains surrounding the central 
area appear concentrated. This is the wall of the eye. When a tropical cyclone moves 
to higher latitude, its eye becomes less clearly defined as the maximum wind moves 
outward from the center, the wall of the eye becomes more indistinct, and its cloud 
cover increases. 

3907. Locating and tracking a tropical cyclone.—By means of radio, organized 
meteorological services collect weather observations daily from island stations, ships 
at sea, and aircraft. When a tropical cyclone is located, usually in its early formative 
stage, it is followed closely. In the North Atlantic, aircraft of the U. S. Navy and 
U.S. Air Force, in cooperation with the Weather Bureau, make frequent flights to the 
vicinity of such storms to provide information needed for tracking the hurricane and 
determining its intensity. Bulletins are broadcast to ships several times daily, giving 
information on each storm’s location, intensity, and movement. As a further aid, 
the mariner may obtain weather reports by radio directly from other ships in the vicinity 
of a tropical cyclone. Radar may be used to follow the movements of the precipitation 
areas when they are within range. 

Although these aids normally prove adequate for locating and avoiding a tropical 
cyclone, knowledge of the appearance of the sea and sky in the vicinity of such a storm 
is useful to the mariner. This information is given in article 3908. 
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3908. The passage of a tropical cyclone at sea is an experience not soon to be 
forgotten. 

An early indication of the approach of such a storm is the presence of a long swell. 
In the absence of a tropical cyclone, the crests of swell in the deep waters of the Atlantic 
pass at the rate of perhaps eight per minute. Swell generated by a hurricane is 
about twice as long, the crests passing at the rate of perhaps four per minute. Swell 
may be observed several days before arrival of the storm. 

When the storm center is 500 to 1,000 miles away, the barometer usually rises a 
little, and the skies are relatively clear. Cumulus clouds, if present at all, are few in 
number and their vertical development appears suppressed. The barometer usually 
appears restless, pumping up and down a few hundredths of an inch. 

As the tropical cyclone comes nearer, a cloud sequence begins which resembles 
that associated with the approach of a warm front in middle latitudes (art. 3812). 
Snow-white, fibrous ‘mare’s tails’ (cirrus) appear when the storm is about 300 to 
600 miles away. Usually these seem to converge, more or less, in the direction from 
which the storm is approaching. This convergence is particularly apparent at about 
the time of sunrise and sunset. 

Shortly after the cirrus appears, but sometimes before, the barometer starts a 
long, slow fall. At first the fall is so gradual that it only appears to alter somewhat 
the normal daily cycle (two maxima and two minima in the tropics). As the rate of 
fall increases, the daily pattern is completely lost in the more or less steady fall. 

The cirrus becomes more confused and tangled, and then gradually gives way to a 
continuous veil of cirrostratus. Below this veil, altostratus forms, and then strato- 
cumulus (art. 3714). These clouds gradually become more dense, and as they do so, 
the weather becomes unsettled. A fine, mist-like rain begins to fall, interrupted from 
time to time by showers. The barometer has fallen perhaps a tenth of an inch. 

As the fall becomes more rapid, the wind increases in gustiness, and its speed 
becomes greater, reaching a value of perhaps 22 to 40 knots (Beaufort 6-8). On the 
horizon appears a dark wall of heavy cumulonimbus (art. 3714), the bar of the storm. 
Portions of this heavy cloud become detached from time to time and drift across the 
sky, accompanied by rain squalls and wind of increasing speed. Between squalls, the 
cirrostratus can be seen through breaks in the stratocumulus. 

As the bar approaches, the barometer falls more rapidly and wind speed increases. 
The seas, which have been gradually mounting, become tempestuous. Squall lines, 
one after the other, sweep past in ever increasing number and intensity. 

With the arrival of the bar, the day becomes very dark, squalls become virtually 
continuous, and the barometer falls precipitously, with a rapid increase in wind speed. 
The center may still be 100 to 200 miles away in a fully developed tropical cyclone. 
As the center of the storm comes closer, the ever-stronger wind shrieks through the 
rigging and about the superstructure of the vessel. As the center approaches, rain 
falls in torrents. The wind fury increases. The seas become mountainous. The tops 
of huge waves are blown off to mingle with the rain and fill the air with water. Objects 
at a short distance are not visible. Even the largest and most seaworthy vessels become 
virtually unmanageable, and may sustain heavy damage. Less sturdy vessels do not 
survive. Navigation virtually stops as safety of the vessel becomes the prime con- 
sideration. The awesome fury of this condition can only be experienced. Words are 
inadequate to describe it. 

If the eye of the storm passes over the vessel, the winds suddenly drop to a breeze 
as the wall of the eye passes. The rain stops, and the skies clear sufficiently to permit 
the sun to shine through holes in the comparatively thin cloud cover. Visibility 
improves. Mountainous seas approach from all sides, apparently in complete confu- 
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sion. The barometer reaches its lowest point, which may be an inch and a half or two 
inches below normal in fully developed tropical cyclones. As the wall on the opposite 
side of the eye arrives, the full fury of the wind strikes as suddenly as it ceased, but 
from the opposite direction. The sequence of conditions that occurred during approach 
of the storm is reversed, and pass more quickly, as the various parts of the storm are 
not as wide in the rear of a storm as on its forward side. 

Typical cloud formations associated with a hurricane are shown in figure 3908. 
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Figure 3908.—Typical hurricane cloud formations. 


3909. Locating the center of a tropical cyclone.—If intelligent action is to be 
taken to avoid the full fury of a tropical cyclone, early determination of its location and 
direction of travel relative to the vessel is essential. The bulletins and forecasts are 
an excellent general guide, but they are not infallible and may be sufficiently in 
error to induce a mariner in a critical position to alter course so as to unwittingly increase 
the danger to his vessel. Often it is possible, using only those observations made 
aboard ship, to obtain a sufficiently close approximation to enable the vessel to ma- 
neuver to the best advantage. 

As stated in article 3908, the presence of an exceptionally long swell is usually 
the first visible indication of the existence of a tropical cyclone. In deep water it 
approaches from the general direction of origin (the position of the storm center when 
the swell was generated). However, in shoaling water this is a less reliable indication 
because the direction is changed by refraction, the crests being more nearly parallel 
to the bottom contours (art. 3307). 

When the cirrus clouds appear, their point of convergence provides an indication 
of the direction of the storm center. If the storm is to pass well to one side of the 
observer, the point of convergence shifts slowly in the direction of storm movement. 
If the storm center will pass near the observer, this point remains steady. When the 
bar (art. 3908) becomes visible, it appears to rest upon the horizon for several hours. 
The darkest part of this cloud is in the direction of the storm center. If the storm is 
to pass to one side, the bar appears to drift slowly along the horizon. If the storm is 
heading directly toward the observer, the position of the bar remains fixed. Once 
within the area of the dense, low clouds, one should observe their direction of move- 
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ment, which is almost exactly along the isobars, with the center of the storm being 90° 
from the direction of cloud movement (left of direction of movement in the northern 
hemisphere, and right in the southern hemisphere). 

The winds are probably the best guide to the direction of the center of a tropical 
cyclone. The circulation is cyclonic (art. 3813), but because of the steep pressure 
gradient near the center, the winds there blow with greater violence and are more 
nearly circular than in extratropical cyclones. 

According to Buys Ballot’s law (art. 3813) an observer who faces into the wind 
has the center of the low pressure on his right in the northern hemisphere, and on his 
left in the southern hemisphere, and in each case somewhat behind him. If the wind 
followed circular isobars exactly, the center would be exactly eight points, or 90°, from 
dead ahead when facing into the wind. However, the track of the wind is usually 
inclined somewhat toward the center, so that the angle from dead ahead varies be- 
tween perhaps 8 and 12 points (90° to 135°). The inclination varies in different parts 
of the same storm. It is least in front of the storm, and greatest in the rear, since the 
actual wind is the vector sum of that due to the pressure gradient and the motion of 
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Figure 3909a.—Approximate relationship of wind to isobars and storm center in the northern 
hemisphere. 
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the storm along the track. A good average is perhaps ten points in front, and 11 or 12 
points in the rear. These values apply when the storm center is still several hundred 
miles away. Closer to the center, the wind blows more nearly along the isobars, the 
inclination being reduced by one or two points at the wall of the eye. Since wind direc- 
tion usually shifts temporarily during a squall, its direction at this time should not be 
used for determining the position of the center. The approximate relationship of wind 
to isobars and storm center in the northern hemisphere is shown in figure 3909a. 

When the center is within radar range, it might be located by this equipment. 
However, since the radar return is predominantly from the rain, results can be decep- 
tive, and other indications should not be neglected. Figure 3909b shows a typical 
radar PPI presentation of a tropical cyclone. 

Distance from the storm center is more difficult to determine than direction. 
Radar is perhaps the best guide. However, the rate of fall of the barometer is some 
indication. If a vessel is hove-to in front of a storm which is advancing directly 
toward it, the fall of pressure per hour might be about as shown in figure 3909c. How- 
ever, this is an imperfect indication, for the rate of fall may be quite erratic, and will 
vary somewhat with the depth of the low at the center, the speed of the storm center 
along its track, and the stage in the life cycle of the storm. The usefulness of this 
information is further reduced by the fact that a vessel would not normally remain 
hove-to in the path of a tropical cyclone. 

3910. Maneuvering to avoid the storm center.—The safest procedure with re- 
spect to tropical cyclones is to avoid them. If action is taken sufficiently early, this 
is simply a matter of setting a course that will take the vessel well to one side of the 
probable track of the storm, and then continuing to plot the positions of the storm 
center, as given in the weather bulletins, revising the course as needed. 

However, such action is not always possible. If one finds himself within the storm 
area, the proper action to take depends in part upon his position relative to the storm 
center and its direction of travel. It is customary to divide the circular area of the 
storm into two parts. In the northern hemisphere, that part to the right of the storm 
track (facing in the direction toward which the storm is moving) is called the dangerous 
semicircle. It is considered dangerous because (1) the actual wind speed is greater 
than that due to the pressure gradient alone, since it is augmented by the forward 
motion of the storm, and (2) the direction of the wind and sea is such as to carry a vessel 
into the path of the storm (in the forward part of the semicircle). The part to the left 
of the storm track is called the navigable semicircle. In this part, the wind is decreased 
by the forward motion of the storm, and the wind blows vessels away from the storm 
track (in the forward part). Because of the greater wind speed in the dangerous semi- 
circle, the seas are higher here than in the navigable semicircle. In the southern hemi- 
sphere, the dangerous semicircle is to the left of the storm track, and the navigable 
semicircle is to the right of the storm track. 

A plot of successive positions of the storm center should indicate the semicircle in 
which a vessel is located. However, if this is based upon weather bulletins, it is not a 
reliable guide because of the lag between the observations upon which the bulletin is 
based and the time of reception of the bulletin, with the ever present possibility of a 
change in the direction of motion of the storm. The use of one’s radar eliminates this 
lag, but the return is not always a true indication of the center. Perhaps the most 
reliable guide is the wind. Within the cyclonic circulation, a veering wind (one changing 
direction to the right in the northern hemisphere and to the left in the southern hemi- 
sphere) indicates a position in the dangerous semicircle, and a backing wind (one chang- 
ing in a direction opposite to a veering wind) indicates a position in the navigable semi- 
circle. However, if a vessel is underway, its motion should be considered. If it is 


outrunning the storm or pulling 
rapidly toward one side (which 
is not difficult during the early 
stages of a storm, when its 
speed is low), the opposite effect 
occurs. This should usually be 
accompanied by a rise in atmos- 
pheric pressure, but if motion 
of the vessel is nearly along an 
isobar, this may not be a reliable 
indication. If in doubt, the 
safest action is usually to stop 
long enough to determine defi- 
nitely the semicircle. The loss 
in valuable time may be more 
than offset by the minimizing 
of the possibility of taking the 
wrong action and increasing the 
danger to the vessel. If the 
wind direction remains steady 
(for a vessel which is stopped), 
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Ficure 3909b.—Typical radar PPI presentation of a tropical 
cyclone. 


Se ; : te ® 
with increasing speed and falling barometer, the vessel is in or near the path of the 
storm. If it remains steady with decreasing speed and rising barometer, the vessel 


is on the storm track, behind the center. 


The first action to take if one finds himself within the cyclonic circulation, is to 
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Ficure 3909c.—Typical average pressure drop as tropical 
cyclone approaches. 


- center. 


determine the position of his 
vessel with respect to the storm 
While the vessel can 
still make considerable way 
through the water, a course 
should be selected to take it as 
far as possible from the center. 
If the vessel can move faster 
than the storm, it is a relatively 
simple matter to outrun the 
storm if sea room permits. But 
when the storm is faster, the 
solution is not as simple. In 
this case, the vessel, if ahead 
of the storm, will approach 
nearer to the center. The prob- 
lem is to select a course that 
will produce the greatest possi- 
ble minimum distance. This is 
best determined by means of a 
relative movement plot, as 
shown in the following example 
solved on a maneuvering board 
(art. 1212): 

Exzample.—A tropical cy- 
clone is estimated to be moving 
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in direction 320° at 19 knots. Its center bears 170°, at an estimated distance of 200 
miles from a vessel which has a maximum speed of 12 knots. 

Required.—(1) The course to steer at 12 knots to produce the greatest possible 
minimum distance between the vessel and the storm center. 

(2) The distance of the storm center at nearest approach. 

(3) Elapsed time until nearest approach. 

Solution (fig. 3910).—Consider the vessel remaining at the center of the plot 
throughout the solution, as on a radar PPI. 

(1) Plot point C at a distance of 200 miles (scale 20:1) in direction 170° from the 
center of the diagram, to locate the position of the storm center relative to the vessel. 
From the center of the diagram, draw RA, the speed vector of the storm center, in 
direction 320°, speed 19 knots (scale 2:1). From A draw a line tangent to the 12-knot 
speed circle (labeled 6 at scale 2:1) on the side opposite the storm center. From the 
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Figure 3910.—Solution to determine course for avoiding storm center. 
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center of the diagram draw a perpendicular to this tangent line, locating point B. 
The line #B is the required speed vector for the vessel. Its direction, 011°, is the 
required course. 

(2) The path of the storm center relative to the vessel, will be along a line from C in 
the direction BA, if both storm and vessel maintain course and speed. The point of 
nearest approach will be at D, the foot of a perpendicular from the center of the diagram. 
This distance, at scale 20:1, is 187 miles. 

(8) The length of the vector BA (14.8 knots) is the speed of the storm with respect 
to the vessel. Mark this on the lowest scale of the nomogram at the bottom of the 
diagram. The relative distance CD is 72 miles, by measurement. Mark this (scale 
10:1) on the middle scale at the bottom of the diagram. Draw a line between the two 
points and extend it to intersect the top scale at 29.2 (292 at 10:1 scale). The elapsed 
time is therefore 292 minutes, or 4 hours 52 minutes, or 5 hours approximately. 

Answers.—(1) C 011°, (2) D 187 mi., (3) t 5" (approximately). 

The storm center will be dead astern at its nearest approach. 

As a very general rule, for a vessel in the northern hemisphere, safety lies in placing 
the wind on the starboard bow in the dangerous semicircle and on the starboard quarter 
in the navigable semicircle. If on the storm track ahead of the storm, the wind should 
be put about two points on the starboard quarter until the vessel is well within the 
navigable semicircle, and the rule for that semicircle then followed. A study of figure 
3909a should indicate why these headings are desirable. In the southern hemisphere 
the same rules hold, but with respect to the port side. With a faster than average vessel, 
the wind can be brought a little farther aft in each case. However, as the speed of the 
storm increases along its track, the wind should be brought farther forward. If land 
interferes with what would otherwise be the best maneuver, the solution should be 
altered to fit the circumstances. If the speed of a vessel is greater than that of the 
storm, it is possible for the vessel, if behind the storm, to overtake it. In this case, the 
only action usually needed is to slow enough to let the storm pull ahead. 

In all cases, one should be alert to changes in the direction of movement of the 
storm center, particularly in the area where the track normally curves toward the pole. 
If the storm maintains its direction and speed, the ship’s course should be maintained 
as the wind shifts. 

If it becomes necessary for a vessel to heave to, the characteristics of the vessel 
should be considered. A power vessel is concerned primarily with damage by direct 
action of the sea. A good general rule is to heave to with head to the sea in the 
dangerous semicircle or stern to the sea in the navigable semicircle. This will result 
in greatest amount of headway away from the storm center, and least amount of leeway 
toward it. Ifa vessel handles better with the sea astern or on the quarter, it may be 
placed in this position in the navigable semicircle or in the rear half of the dangerous 
semicircle, but never in the forward half of the dangerous semicircle. It has been 
reported that when the wind reaches hurricane speed and the seas become confused, 
some ships ride out the storm best if the engines are stopped, and the vessel is permitted 
to seek its own position. In this way, it is said, the ship rides with the storm instead 
of fighting agaznst it. 

In a sailing vessel, while attempting to avoid a storm center, one should steer 
courses as near as possible to those prescribed above for power vessels. However, if 
it becomes necessary for such a vessel to heave to, the wind is of greater concern than 
the sea. A good general rule always is to heave to on whichever tack permits the 
shifting wind to draw aft. In the northern hemisphere this is the starboard tack in 
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the dangerous semicircle and the port tack in the navigable semicircle. In the southern 
hemisphere these are reversed. 

While each storm requires its own analysis, and frequent or continual resurvey of 
the situation, the general rules for a steamer may be summarized as follows: 


NORTHERN HEMISPHERE 


Right or dangerous semicircle.—Bring the wind on the starboard bow (045° rela- 
tive), hold course and make as much way as possible. If obliged to heave to, do so 
with head to the sea. 

Left or navigable semicircle.—Bring the wind on the starboard quarter (135° rela- 
tive), hold course and make as much way as possible. If obliged to heave to, do so 
with stern to the sea. 

On storm track, ahead of center.—Bring the wind two points on the starboard 
quarter (157°5 relative), hold course and make as much way as possible. When well 
within the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable course, 
keeping in mind the tendency of tropical cyclones to curve northward and eastward. 


SOUTHERN HEMISPHERE 


Left or dangerous semicircle.—Bring the wind on the port bow (315° relative), hold 
course and make as much way as possible. If obliged to heave to, do so with head 
to the sea. 

Right or navigable semicircle.—Bring the wind on the port quarter (225° relative), 
hold course and make as much way as possible. If obliged to heave to, do so with 
stern to the sea. 

On storm track, ahead of center.—Bring the wind two points on the port quarter 
(202°5 relative), hold course and make as much way as possible. When well within 
the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable course, 
keeping in mind the tendency of tropical cyclones to curve southward and eastward. 

Whenever a tropical cyclone is encountered, the wise procedure is to begin pre- 
paring the vessel for heavy weather in sufficient time to permit thorough preparation, 
so that damage may be minimized. One should be particularly careful to keep free 
surfaces of liquids to a minimum. 

3911. Coastal effects—The high winds of a tropical cyclone inflict widespread 
damage when such a storm leaves the ocean and crosses land. Aids to navigation may 
be blown out of position or destroyed. Craft in harbors, unless they are properly 
secured, drag anchor or are blown against obstructions. Ashore, trees are blown over, 
houses are damaged, power lines are blown down, etc. The greatest damage usually 
occurs in the dangerous semicircle a short distance from the center, where the strongest 
winds occur. As the storm continues on across land, its fury subsides faster than it 
would if it had remained over water. 

Along the coast, particularly, greater damage may be inflicted by water than by 
the wind. There are at least four sources of water damage. First, the unusually high 
seas generated by the storm winds pound against shore installations and craft in their 
way. Second, the continued blowing of the wind toward land causes the water level 
to increase perhaps three to ten feet above its normal level. This storm tide, which 
may begin when the storm center is 500 miles or even farther from the shore, gradually 
increases until the storm passes. The highest storm tides are caused by a slow-moving 
tropical cyclone of large diameter, because both of these effects result in greater dura- 
tion of wind in the same direction. ‘The effect is greatest in a partly enclosed body 
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of water, such as the Gulf of Mexico, where the concave coastline does not readily 
permit the escape of water. It is least on small islands, which present little obstruction 
to the flow of water. Third, the furious winds which blow around the wall of the eye 
create a ridge of water called a storm wave, which strikes the coast and often inflicts 
heavy damage. The effect is similar to that of a seismic sea wave, caused by an earth- 
quake in the ocean floor. Both of these waves are popularly called tidal waves. Storm 
waves of 20 feet or more have occurred. About three or four feet of this is due to the 
decrease of atmospheric pressure, and the rest to winds. Like the damage caused by 
wind, that due to high seas, the storm tide, and the storm wave is greatest in the 
dangerous semicircle, near the center. The fourth source of water damage is the heavy 
rain that accompanies a tropical cyclone. This causes floods that add to the damage 
caused in other ways. 

When proceeding along a shore recently visited by a tropical cyclone, a navigator 
should remember that time is required to restore aids to navigation which have been 
blown out of position or destroyed. In some instances the aid may remain but its 
light, sound apparatus, or radiobeacon may be inoperative. Landmarks may have 
been damaged or destroyed. 
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CHAPTER XL 
INSTRUMENTS FOR HYDROGRAPHIC SURVEYING 


4001. Introduction.— Although the expression “hydrographic surveying” denotes 
investigation of water areas to obtain information for use in making nautical charts, 
land surveying methods are frequently used to establish points on shore from which 
positions of all hydrographic observations such as soundings, currents, etc., can be 
related. Therefore, this chapter describes such instruments as the astrolabe, theodo- 
lite, level, and special drafting equipment, as well as tide gages, current meters, and 
other instruments directly associated with hydrography. Instruments used in hydro- 
graphic surveying, but described elsewhere, include the sextant (ch. XV), echo sounder 
(art. 619), and electronic equipment (ch. XIII). In general, surveying instruments are 
characterized by a high order of accuracy, as compared with navigation instruments. 

4002. Astrolabe.—Unlike the earlier instrument of the same name (art. 124), 
the modern astrolabe is used in hydrographic surveying to determine the instant at 
which various celestial bodies arrive at a preselected altitude. From a number of such 


Figure 4002a.—A prismatic astrolabe. 


observations, the position of the instrument can be calculated. Astrolabes now avail- 
able use an altitude of 45° or 60°. 

As its name implies, the prismatic astrolabe (fig. 4002a) depends upon an accurately- 
ground prism to maintain the fixed angle of observation. In addition, the prism per- 
mits the observation of a second image of a star by reflection from an artificial horizon, 
which is a small pan of mercury placed below the prism. In figure 4002b, a light ray 
(R) from a star enters directly the upper surface of the prism and is reflected through 
the horizontal observing telescope. A parallel ray (R’) from the same star is reflected 
from the mercury surface, enters the lower surface of the prism, and is then reflected 
through the telescope. Since the latter image is a doubly reflected one, its apparent 
motion will be opposite that of the former (fig. 4002b, rays (a) and (a’) and inset (1)). 
When the direct and reflected light rays are perpendicular to the upper and lower 
surfaces of the prism, respectively, the two images are coincident and the star is at 
the altitude fixed by the angle between the surfaces of the prism. 

In practice, the prism is turned slightly on an axis coincident with the telescope 
axis so that the images will, at the fixed altitude, be side by side on a horizontal line 
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Figure 4002b.—Optics of the prismatic astrolabe. 


(fig. 4002b, rays (b) and (b’) and insert (2)) rather than coincident. This permits 
easier, more accurate observation. 

In addition to the basic parts already mentioned, the prismatic astrolabe is 
provided with level bubbles and three leveling screws to adjust it to the horizontal. 
For orienting to north and setting at desired azimuths, it is equipped with a mag- 
netic compass and an azimuth circle. Adjusting screws are provided for collima- 
tion; that is, making the vertical surface of the 
prism perpendicular to the axis of the telescope. 
There is also an erecting screw which rotates the 
prism about the axis of the telescope. Flash- 
light batteries supply power to illuminate the 
azimuth circle and reticle, the intensity of the 
latter being controlled by a rheostat. 

A prism actuated by a lever deflects the light 
rays upward to a 30-power, wide field-of-view 
eyepiece to facilitate finding the star. Once the 
star is located, final observations are made through 
the 80-power observing eyepiece. Accessories 
for screening the mercury from wind and dust, 
and equipment for cleaning the surface of the 
mercury are included with the instrument. 

The pendulum astrolabe (fig. 4002c) fixes 
the observation altitude by directing the light 
rays from a star down a 60° objective tube to a 
pendulum-supported horizontal mirror, from which 
it is reflected up a 60° eyepiece tube. Thus, in 
a sense, it is a telescope bent at 60° with a 
Ficure 4002c.—A pendulum astrolabe. pendulum mirror to reflect the light rays accord- 

ingly (fig. 4002d). Since only one star image 
is seen, the exact time of star passage is noted as being the mean of the times at 
which it passes a set of horizontal cross hairs. 

In addition to the 80-power observing telescope, it has an 11-power finder tele- 
scope. This instrument also has internal illumination and is provided with means for 
leveling and setting in azimuth. 
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4003. Timing equipment.— 
The timing equipment used in PENDULUM ASTROLABE OPTICS 


conjunction with astrolabes ‘ fl Tecan eneKatoni soi 


consists of a chronometer, a ie ea “ 
radio, a chronograph, and a , 
break-circuit key (fig. 4003). 

The chronometer is set to run © 

on sidereal time and is con- . & 


SS 


nected through an amplifier to 
the chronograph, which records 
a tick mark on moving paper at 
each one-second break except 
the 59th second of every minute. (a) Star Image At First Crosswire 
This is omitted so that the be- a ae 
ginning of each minute can be 
easily identified on the record. 

The radio, also, is connect- 
ed to the chronograph recorder 
through the amplifier, and is 
used to receive standard time sig- 
nals for determining chronom- 
eter correction and rate. The 
break-circuit key is tapped by 
the observer at the instant of 
star passage, making a tick 
mark on the chronograph paper. 
The chronometer time of star 
passage can be scaled off the 
chronograph record. By appli- 
cation of chronometer correc- 
tion and rate, one can determine Ficurn 4003.—Timing equipment. 
the GMT of the observation. 

4004. Theodolite——A theodolite is an instrument designed to measure precise 
horizontal and vertical angles. Thus, it can be used for determining the bearing 
(called “azimuth” by surveyors) of a line by observing the angle between that line and 
the azimuth line of a star. It can be used to measure the angles in a triangulation net, 
and to measure vertical angles for the trigonometric computation of elevations. 

The direction theodolite (fig. 4004a) consists essentially of two graduated circles 
(one horizontal and one vertical), equipment for leveling and centering the instrument, 
an observing telescope, and an eyepiece for reading the circles. Horizontal angles can 
be read directly to the nearest 0.2 second of arc on the instrument illustrated. A smaller, 
lighter model can be read directly to the nearest second of arc, and tenths can be 
estimated. : 

Both circles are completely enclosed, and are read at one eyepiece through a system 
of prisms within the instrument. As the upper portion of the instrument turns about 
a vertical axis, two sets of prisms scan diametrically opposite sides of the horizontal 
circle. This upper portion can be clamped and final pointing on target can be made with 
a slow-motion tangent screw. The vertical cross hair is brought exactly on target, 
and the instrument is collimated and read. The horizontal circle can be set at any 
desired initial reading. 

When the telescope is turned about its horizontal axis, two sets of prisms scan 
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diametrically opposite sides of the vertical circle. | 
This motion also has a clamp and slow-motion 
tangent screw. Collimation is effected before 
reading. The vertical circle is read through the 
same eyepiece as the horizontal circle, by turning 
a knob near the bottom of the rear face of the 
right-hand standard. When the line on this knob 
is horizontal, the horizontal circle is seen, and 
when the line is vertical, the vertical circle is seen. 
Since the vertical circle reads zero when the tele- 
scope is pointed directly toward the zenith, the 
angles read are zenith distances. 

Accessory equipment for this type instrument 
includes an optical centering device, internal il- 
lumination for night observations, prismatic eye- 
pieces, and accurate levels. Complete instruc- 
tions for use of the instrument are furnished by 
the manufacturer. 

The repeating theodolite (fig. 4004b), unlike 
the direction theodolite, has a lower motion clamp 
Ficure 4004a.—A direction theodolite. screw and slow-motion tangent screw. Thus, 

with the upper portion clamped and the lower 
motion free, the horizontal circle and upper portion of the instrument carrying the 
telescope and two verniers rotate as a unit about the vertical axis. With the lower 
motion clamped and the upper motion 
free, the circle remains fixed and the upper 
portion only rotates, indicating angles by 
the position of the verniers relative to the 
horizontal circle. Also, the circle is ex- 
posea at the verniers for reading through 
a magnifying glass. These verniers can 
be read to the nearest ten seconds of arc. 

Since the vertical circle is graduated 
to read zero when the telescope is horizon- 
tal, other readings are either elevation 
or depression angles. The verniers of the 
vertical circle read directly to the nearest 
15 seconds of arc. 

4005. Transit.—The surveyor’s 
transit (fig. 4005a) is similar to the 
repeating theodolite, except that it is 
smaller, lighter, and less precise. It rests 
on four leveling screws rather than three, 
and some models read only to the nearest 
minute of arc. 

The camera transit (fig. 4005b) con- 
sists essentially of a surveyor’s transit with 
a camera mounted between widely sep- 
arated standards. A transit telescope is 
mounted on top of the camera. In use, 
the instrument is pointed on a known con- Figure 4004b.—A repeating theodolite. 
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Ficure 4005a.—A surveyor’s transit. Figure 4005b.—A camera transit. 


trol point as if it were an ordinary transit. A photograph is taken, then the instrument 
is turned in azimuth and another picture is obtained. This is repeated until a complete 
panorama of overlapping pictures is obtained around the observation point. During 
this procedure, the instrument may be pointed on other known points to obtain addi- 
tional control. Prints of these pictures can be used for determining angles to additional 


points for supplementary hor- 
izontal and vertical control. A 
somewhat similar instrument, 
consisting of a combination 
camera and theodolite, is called 
a phototheodolite. 

4006. Level.—The pre- 
cise level (fig. 4006) is used 
for determining precise eleva- 
tion differences between two 
points. The instrument illus- 
trated has generally supplanted 
the “Wye” level formerly used 
in most hydrographic surveys. 
The split image of a sensitive 
level bubble is seen through an 
eyepiece adjacent to the tele- 
scope eyepiece, and as long as 
the two parts remain matched, 
the telescope line of sight is in 
the horizontal. 


Ficure 4006.—A precise level. 
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For reconnaissance or other rough work, a small hand level may be used. The 
Locke type hand level determines only a horizontal line of sight. The Abney type 
adds a small vertical arc which can be used for observing elevation angles. Neither 
should be considered a precision instrument. 

4007. Distance measurement can be accomplished by any of several different 
methods and procedures. For precise work, special tapes which have a low coefficient 
of expansion and have been calibrated by the National Bureau of Standards under 
controlled temperature, tension, and support conditions are used. They are used in the 
field under standard tension and support, and the temperatures and support eleva- 
tions are observed and recorded so that corrections can be applied to the measured 
distances to adjust them to the corrected horizontal distances. If such precision is 
not required, a surveyor’s steel tape may ve used. 

Slightly less precise, but more rapid, is the measurement of distance by meansof a 
subtense bar (fig. 4007). In this method, a direction theodolite is used to measure the 
angle between the end points of a distant Invar bar. The bar is mounted horizontally 
on a tripod and is oriented to be perpendicular to the line between its center and the 
theodolite by a small telescope mounted on it for this purpose. The size of the angle 
subtended by this bar is a measure of the distance from theodolite to bar. Tables 


Figure 4007.—A subtense bar. 


of angles and corresponding distances are available from the manufacturer, or can be 
computed. 

Another still less precise method of measuring distance is by a stadia, a graduated 
rod. In addition to the cross hairs used in angle measurement, a transit is equipped 
with two other horizontal cross hairs so spaced that they will subtend one foot on a 
vertical stadia rod at 100 feet distance. At any distance the stadia cross hairs will 
intercept on the rod a length of about Mooth of that distance. If the ratio is other than 
1:100, a stadia constant is furnished with the instrument or can be determined by 
comparing a stadia measurement of distance with the value of that same distance as 
carefully measured with a tape. 

4008. Bottom samplers.—Samples of the bottom are obtained by means of snapper 
or scoopfish type bottom samplers. The former is secured to the base of a sounding 
lead and is used while the craft is lying to. Two clamshell-shaped castings are snapped 
together by a heavy spring when triggered by hitting the bottom, and a handful-size 
sample is thus obtained. The scoopfish is designed for use with the vessel underway. 
It is essentially a hollow tube with diving fins aft, and a special towing bridle. When 
properly set and towed, it dives to the bottom. When it strikes the bottom, a sample is 
forced into the tube, the bridle suspension point is automatically shifted forward so 
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that the instrument will no longer dive but can be hoisted up, and a cover flips into 
position over the forward end of the tube to retain the sample. 

4009. Tide gage.—It is necessary to obtain as complete a record as possible of the 
tide in the survey area during operations. The information furnished by this record 
is used to determine the reference plane, or datum, for all heights and depths. It is also 
used for adjusting all original observations to that datum, and from it is computed 
the tidal data which is printed on the chart, such as mean sea level, spring rise, neap 
rise, lunitidal interval, etc. 

The portable automatic recording tide gage (fig. 4009) is a light, compact instru- 
ment which records on single sheets of special paper a graph of the tide. The paper is 
clipped onto a drum which is rotated at one-half revolution per day by an eight-day 
clock movement contained inside. A float is suspended by a wire inside a pipe-float well 


Fiaure 4009.—A portable automatic recording tide gage. 


which protects it from wave and current action, yet permits long-period water level 
variations through a small aperture in the bottom of the pipe. 

The float wire is guided up to the gage over an idler pulley centered over the top 
of the pipe. At the gage, the wire is wound around a grooved drum. Inside this drum 
is a spring which keeps tension on the wire so that as the float rises with the water, the 
drum rotates and takes up the slack. When the water level falls, the weight of the 
float overcomes the tension of the spring and the drum rotates in the opposite direction. 
The axle of the float-wire drum is geared to a long-pitch screw on which rides a stylus. 
This screw moves the stylus across the paper parallel to the axis of the record drum. 
Thus, while the record drum is rotated by its clock, the stylus is moved back and forth 
across the drum as the water level rises and falls. The record paper is black or red and 
coated with white wax. The stylus scratches the wax, drawing a graph of the water 
level variations with time as abscissa around the drum and height as ordinate across the 


drum. 
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Record paper is furnished in different height scales and corresponding sets of gears 
are used to vary the stylus motion. Thus, the instrument can be adapted for use in 
accordance with the range of the tide. 

The standard automatic recording tide gage operates in a similar manner, with the 
following exceptions: the paper, fed from a supply roller, passes over a main roller 
across which a pencil rides, and is taken up by a receiving roller. The paper is long 
enough to accommodate a continuous one-month tide record. Two clocks are used; one 
to advance the paper by rotating the main roller, and the other to strike hour marks on 
the paper. The receiving roller, which winds the paper, is actuated by a weight sus- 
pended by a cord which is wound around a drum. Friction springs retard the supply 
roll so it will not unwind too fast. A counterpoise weight is suspended by a wire which 
runs over a drum secured to the same shaft as the float-wire drum. This keeps tension 
on the float wire and takes up the slack as the tide rises. In addition to the tide- 
marking pencil, this instrument is equipped with a datum-marking pencil. This is set 
to draw a straight line at the datum height. Scale changes to accommodate various 
ranges of tide are accomplished by using float-wire drums of varying circumference, 
different pencil screw pitch, and corresponding counterpoise weights. 

A number of other methods may be used for observing tidal data. Most important 
is the tide staff. This is a graduated board from which the water height is read at 
regular time intervals. It can be installed vertically or, with properly exaggerated 
graduations, inclined. The latter installation is best used in calm water with small 
range of tide. Other devices for measuring tide include the float gage, tape gage, and 
pipe gage. These are all nonregistering. 
A number of gages have been designed 
to operate on the bottom. Their mecha- 
nisms are actuated by pressure changes 
caused by variations in the depth of water. 
This type of gage is not in general use. 

4010. Current observations are also 
an integral part of hydrographic survey- 
ing. When printed on the chart, the 
information is valuable to navigators, 
especially in channels and other areas of 
limited maneuvering space. Types and 
designs of current meters are so varied that 
only those features which are common to 
most of them will be presented here. 

In general, current speed is deter- 
mined by counting the number of rev- 
olutions of a propeller per unit time. 
Ficure 4010.—A device for measuring current Propeller mine are counted in many ways. 

speed. One type is illustrated in figure 4010. 
Direction of the current is indicated 
by one of many methods of determining the heading of the meter relative to a 
compass magnet. The meters are kept headed into the current by fins. 

4011. Drafting instruments.—Certain drafting instruments are of special value in 
plotting the information obtained in hydrographic surveys. Distance measurements in 
chart drafting are taken from a metal diagonal metric scale direct to the nearest 0.0001 
meter. This device consists of a flat metal bar a little more than one meter long. 
Vertical lines (fig. 4011la) are spaced at intervals of one centimeter (0.01 meter) and 
graduated 0 to 100. To the left of the meter is an additional centimeter with diagonal 
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Figure 401la.—A diagonal metric scale. 


lines permitting measurement to two additional decimal places. Along the bottom 
horizontal line this additional centimeter is divided into ten equal parts. Hundredths 
are obtained by making the measurement on the corresponding horizontal line. Thus, 
a distance of 7.43 centimeters is measured horizontally along line 3, from vertical line 
7 on the right to diagonal line 4 on the left. When the distance is greater than can 
be accommodated by the usual dividers or compasses, beam compasses (fig. 4011b) 
are used. This consists of a wood or metal 
bar on which slide two beam heads earry- 
ing steel points, exchangeable for an inking 
pen or pencil point. A thumb screw on 
each point clamps it in position on the bar, 
and one is equipped with a slow-motion 
screw for fine adjustment. 

A three-arm protractor is used for 
rapid plotting of three-point fixes. It can 
also be used for plotting angles to secondary 
survey stations. The center arm of a 
three-arm protractor is secured to, or a 
part of, a graduated circle. The left and Figure 4011b.—Beam compasses. 
right arms are pivoted about the center 
of this circle and are equipped with clamping devices. A plastic type has a two- 
minute vernier on each movable arm, and angles can be set to the nearest estimated 
one minute. This type is easy and rapid when plotting three-point fixes on signals 
which are comparatively near the boat position. For more precise plotting and 
for fixes on distant signals, the metal protractor (fig. 4011c) is used. The verniers 
of this instrument read to the nearest one minute. A magnifying glass is attached 
to facilitate reading the verniers, and slow motion screws are provided to permit 
fine adjustments. Detachable extension arms are furnished for use on distant 
objects. Since only one arm can be set to small angles down to zero, this instrument is 
manufactured in left- and right-hand models, on which the left and right angles, respec- 
tively, may be set to zero. 

Proportional dividers (fig. 4011d) are an aid to transferring measurements between 
charts or other drawings which are not to the same scale. This device consists of two 
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Figure 4011d.—Pro- 
portional dividers. 
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Figure 4011le.—Spacing dividers. 


INSTRUMENTS FOR HYDROGRAPHIC SURVEYING 847 


legs, each with a point at each end, and a movable pivot. When the pivot is at the 
middle, the two leg openings are equal. If the pivot is moved toward one end, the leg 
opening at that end is less than at the other, at a fixed ratio. The path of travel of the 
pivot is graduated so that a predetermined ratio can be set on the instrument. 
Spacing dividers (fig. 4011e) are useful in subdividing distances into equal parts, 
such as spacing soundings along a line between two boat positions. 
so that as they are opened, the spaces between points are equal. 


Other, commonly used drawing instruments such as scales, triangles, etc., are also 
used in chart work. 


They are designed 
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Introduction 


4101. Hydrography is that science which deals with the measurement and descrip- 
tion of the physical features of the oceans, seas, lakes, rivers, and other waters, and their 
adjoining coastal areas, with particular reference to their use for navigational purposes. 
The process of making the measurements upon which the description depends is called 
surveying. Precise determination and marking of positions on land, and accurate 
measurement of a reference direction and distance, taking into account the earth’s 
curvature, constitute a geodetic control survey. Measurement of details of water 
areas and appropriate details of adjoining coastal areas is called a hydrographic 
survey. In addition to delineation of coast lines and location and measurement 
of submerged features, a hydrographic survey usually includes measurement of 
magnetic declination (variation) and dip, tides, currents, and meteorological ele- 
ments. Limited surveys may be conducted to satisfy particular requirements. Before 
a hydrographic survey can be conducted, a geodetic control survey may be needed 
if available information does not provide adequate control of positions. 

The principal objective of most hydrographic surveys is to obtain information 
on water areas and adjacent coastal regions, to serve as source material for nautical 
charts, sailing directions or coast pilots, and other nautical publications of value to the 
mariner. The results of the surveys are also used for planning harbor improvements 
and seaplane anchorages; for studies of silting and erosion, oceanographic features, and 
earth sciences; and for military defense projects. 

Nearly 71 percent of the earth’s surface is covered by water. Only a small part of 
this area has been adequately surveyed, and much of the land area has not been accu- 
rately measured. The changes caused by nature and man, and the continual increase in 
requirements of more precise and more nearly automatic systems and methods of 
navigation, render obsolete the charts or surveys once considered adequate. Con- 
sequently, the need for ever more accurate, more complete surveys continues, with 
no end in sight. 

Surveys are usually conducted by personnel who have been given specialized train- 
ing, and are provided with complete equipment. A modern survey ship is shown in 
figure 4101. Detailed information on the conducting of such a survey is given in 
Special Publication No. SP-4, Hydrographic Office Technical Specifications for US. 
Naval Surveys and Supplementary Data; and in U.S. Coast and Geodetic Survey Pub. 
No. 20-2, Hydrographic Manual. The purpose of the present chapter is to acquaint 
the mariner with the principles of surveying, to provide him with sufficient knowledge 
to conduct an exploratory survey (art. 4127) of a previously uncharted area, and to 
obtain and record in suitable form new data for the correction and improvement of 
existing charts. 

4102. Planning a survey.—As in other operations, an efficient and adequate sur- 
vey requires advance preparation. In addition to a knowledge of surveying, one 
should acquaint himself with the available information on the area. A study of all 
available charts, aerial photographs, and written material should be the first step. 
Work sheets or planning charts can be prepared showing the location of principal! 
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Figure 4101.—A modern survey ship, the USS Maury (AGS16). 


landmarks; general configuration of coast lines; tentative anchorage areas, landing 
beaches, and camp sites; probable sites for the erection of signals to mark the various 
stations; and possible tide gage locations. Several copies should be made. 

When the survey craft arrive at the area to be surveyed, several reconnaissance 
parties should be sent out to verify the information on the work sheets or planning 
charts. Tentative anchorage areas should be the first investigated. Protection during 
foul weather is essential to the safety as well as the comfort of the personnel who will 
man the small craft used for inshore soundings. 

In the selection of landing beaches, safety of personnel and equipment is the pri- 
mary consideration. Surf conditions, beach gradients, and bottom characteristics should 
be observed. The convenience of the locations and access to good routes of travel on 
shore are also important. 

The selection of sites for signal marks should be made by an experienced surveyor, 
if one is available. Visibility from the sea is the most important consideration, but 
intervisibility among stations, or with those used for a geodetic control survey, are im- 
portant to the accurate establishment of the positions of the stations. High points and 
conspicuous features of the terrain should be utilized to the fullest extent, not only for 
hydrographic control, but also as aids in controlling aerial photography. A helicopter 
is a valuable aid in making such a study, permitting rapid reconnaissance of the whole 

‘area. 

Particular care should be exercised in the selection of a tide station. It should be 
located in a protected area where there is little wave action, but where access of sea 
water is adequate and representative of the area. A depth of at least five feet below 
the predicted lowest tide is desirable. The tide gage should be installed on a rigid 
structure, which may have to be constructed if one is not already available. Wharves 
are most frequently used, but the gage should be so located that it will not be damaged 
by operations in the area. 

A decision will have to be made as to whether or not a geodetic control survey is 
needed and, if so, its extent. 
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Geodetic Control Survey 


4103. Origin of survey.—An important requirement of a survey is to establish 
the position of each feature measured. The first step is to determine carefully the 
location of one reference point. This should be established as accurately as circum- 
stances permit, for all other positions are located relative to this one point, called the 
origin. Any error in the origin is carried over to the entire survey. 

If an accurate land survey has been made in the vicinity, the origin of the new 
survey might be determined with respect to the earlier survey, so that there will be 
no discontinuity between surveys. If this method is not available, an astronomical 
position is customarily obtained. 

4104. Astronomical observations are made by the best method available. The 
most accurate available in the field is generally by astrolabe (art. 4002). Both lati- 
tude and longitude are determined by a single set of observations. If a direction 
theodolite (art. 4004) is used, latitude and longitude are determined separately and 
somewhat less accurately. If neither of these methods is available, position is deter- 
mined by the best available means. However careful the measurement, all astro- 
nomical positions are subject to a possible error due to deflection of the vertical (art. 
1610). 

Surveyors generally time observations by means of a chronometer rated to side- 
real time, and set approximately to GST. The chronometer error on GST is deter- 
mined by finding the GST at the time of comparison (using the American Ephemeris 
and Nautical Almanac) and comparing this with the reading of the chronometer. 
Usually, the longitude of an assumed position is converted to time units and combined 
algebraically with the chronometer error (or correction) on GST to find chronometer 
error (or correction) on LST. Thus, if the chronometer is 8"15°2 fast on GST and the 
longitude is 5°06"23%4 east (76°35’51"0E), the chronometer is 4"58™0882 slow on 
LST. 

For survey accuracy, the Nautical Almanac does not provide sufficiently precise 
data. The American Ephemeris and Nautical Almanac or other source should be used. 
If observations are timed by sidereal time, local hour angle is found by subtracting right 
ascension (art. 1426) from LST. Similarly, the sight reduction methods commonly 
used by navigators are not sufficiently precise for use in surveying. In general, only 
those computations necessary to the conducting of the survey are made in the field. 
All of the data should be sent to the appropriate government charting agency, where 
detailed computations are made to check and perhaps refine those already made, and 
to supply the additional answers needed for interpreting and utilizing the information. 
The important part of the field work is to make all measurements carefully and accu- 
rately, and supply all needed data, suitably labeled, so that the end products will be 
reliable. All measurements should be made to a higher order of precision than in 
ordinary navigation. 


4105. Observation by astrolabe.—The astrolabe is set up and carefully leveled., 


Star lists are available to indicate the name and constellation, right ascension, magni- 
tude, azimuth, and local sidereal time at which various stars will have the desired alti- 
tude, neglecting refraction. A body near the prime vertical should be observed first 
to provide a check on the local sidereal time, which is used for timing observations. 
As each additional star approaches the fixed altitude of the astrolabe, the observer 
picks it up and centers it in the lower power eyepiece. He then shifts to the higher- 
power eyepiece, and as the body reaches the fixed altitude, he presses a telegraph key, 
recording a mark on a chronometer-chronograph record tape. If available, about 100 
celestial bodies are thus measured. 
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About ten or 12 of these stars, well distributed in azimuth around the entire hori- 
zon, are selected. The zenith distance of each star is computed for the time of obser- 
vation. Computation is customarily made by means of the navigational triangle; 
assumed latitude, meridian angle, and declination of the body being known. With a 
good assumed position, the computed zenith distance of most bodies will be greater 
than that indicated by the astrolabe used (30° for a 60° astrolabe; 45° for a 45° astro- 
labe) because of refraction. The differences in zenith distances, computed minus 
assumed (30° or 45°), are plotted as distances in seconds of arc along the azimuth line 


of the body, from the assumed position. A negative difference is plotted along the 
reciprocal of the azimuth line. At the points so determined, lines are drawn perpen- 
dicular to the azimuth lines. These are lines of position. If they are accurate, they 
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Figure 4105.—A typical plot of astrolabe observations. 


are tangent to a circle which can be drawn within the figure formed by them. The 
radius of the circle is the constant error of observation, the principal component of 
which is refraction. The center of the circle is the position of the observer. Its lati- 
tude and longitude can be found by applying corrections to the assumed position. For 
highly accurate results, a correction is applied for convergency of the meridians. A 
typical plot of astrolabe observations is shown in figure 4105. 

4106. Observation by direction theodolite.—When accuracy requirements are less 
exacting, as for a magnetic observation station, a position can be obtained in consider- 
ably less time by means of a direction theodolite. 

Zenith distances of two stars are measured when they are within 5° of the prime 
vertical (one east, the other west) and their altitudes do not differ by more than 1°. 
If convenient, a minimum altitude of 30° should be used. Two sets of such observa- 
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tions are made, each observation being carefully timed. The meridian angle at the 
time of observation can be computed by time sight formula (art. 2106). This can be 
converted to LHA, which can then be compared with GHA to determine longitude. 
Surveyors generally compute local sidereal time and compare this with the Greenwich 
sidereal time of the observation. 

The selection of stars near the prime vertical can be made by measuring the hori- 
zontal angle from Polaris or any other star near the meridian. 

Latitude is determined from theodolite observations of northerly and southerly 
stars near the celestial meridian. In north latitude, Polaris is usually used for the 
northerly star. The two stars should have altitudes which do not differ by more than: 
1°, and should be within about 2° (azimuth) of the meridian. 

4107. High-latitude observations.—The methods described in articles 4105 and 
4106 are unsuitable in high latitudes because of the nearly-horizontal apparent motion 
of celestial bodies, and the continuous daylight during the summer, when surveys are 
customarily conducted. 

The method usually employed is to set up a direction theodolite and observe the 
zenith distance of the sun at approximately hourly intervals. Timing is probably best 
done by means of a stop watch, which is started at the moment of observation and 
stopped at a convenient chronometer time shortly thereafter. Chronometer time at 
comparison minus the interval recorded by stop watch is the chronometer time of the 
observation. The chronometer should be checked by radio time tick immediately 
before and after observations, and the difference in chronometer error distributed 
evenly over the period of observation. 

Local hour angle is determined and converted to meridian angle. With assumed 
latitude, declination, and meridian angle, the zenith distance of the sun is computed. 
This is compared with the observed value corrected for refraction. The difference is 
used to plot the line of position as in ordinary navigation. Since zenith distances are 
used, a greater computed value results in a toward situation. The navigator may find 
it less confusing to convert all zenith distances to the more familiar altitudes. If all 
observations and computations are completely accurate and the actual refraction does 
not vary from that used in the computation, all lines of position will intersect at a 
common point. However, this is rarely the case, and the center of the plotted figure 
is used, as in ordinary navigation. 

4108. Direction.—A reference direction for a survey is established by carefully 
determining the angle between a meridian and the straight line connecting two prom- 
inently marked points. The angle is measured clockwise from south, as astronomers 
usually measure azimuth. This direction is determined at one of the marks by 
observation of the azimuth of a celestial body. The reference direction, which a 
navigator would call a “bearing” (measured from south), of the second mark from the 
observer is customarily referred to by surveyors as an “azimuth.” 

Azimuth is established by observation of a celestial body. A body having a 
nearly constant azimuth during the period of observation is the most desirable to use. 
In the northern hemisphere (except in very low or high latitudes) Polaris is ideal for 
this purpose. For maximum accuracy, it should be observed when it is at its greatest 
horizontal distance from the north celestial pole, for at this time its movement is most 
nearly vertical and the least change in azimuth occurs. If another body is used, it 
should be observed when its motion is most nearly vertical. A body that crosses the 
prime vertical should be observed when its meridian angle is 90°. For a body that 
does not cross the prime vertical (declination greater than the latitude of the 
observer, and of the same name), the desired condition occurs when the body is 
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nearest the prime vertical. This time can be determined by means of table 25, or 
by an inspection table such as H.O. Pub. No. 214. When H.O. Pub. No. 214 is 
used, the desired condition is indicated by a number of identical, or nearly identical, 
azimuth angles in consecutive entries in a column. The meridian angle at the most 
favorable moment can be converted to LHA, and this to GHA, which can be used with 
an almanac or the ephemeris to determine the time to make the observation (art. 
2107). 

Azimuth is determined by measuring the horizontal angle between the celestial 
body and the mark indicating the second place, using a theodolite. The azimuth of 
the celestial body is computed to the nearest 071, and the horizontal angle is added 
(subtracted if measured counterclockwise from the body) to determine the desired 
azimuth. For best results, celestial bodies having low altitudes should be selected, if 
such are available. 

A direction measured at the same point at which an astronomical longitude is 
determined is called a Laplace azimuth. Positions and directions at a second place, 
determined by a series of measurements of direction or distance, or both, do not, in 
general, coincide with values obtained by astronomical observation at the second sta- 
tion because of a difference in deflection of the vertical at the two places. The position 
as determined by a series of measurements from a ‘‘known’’ position is called a geodetic 
position. The geodetic azimuth differs from the astronomical azimuth by the 
amount of the Laplace correction, which is equal to (Aa— Ag) sin Le, where X, is the 
astronomical longitude, Ag is the geodetic longitude, and Lg is the geodetic latitude. 
The accumulated error in a series of measurements is far greater in azimuth than in 
longitude. The Laplace correction, which assumes all the error is in the computed 
geodetic azimuth and none in the computed geodetic longitude, is applied to the 
astronomical azimuth at the second place to find the corrected geodetic azimuth. 

4109. The base line.—Following the determination of a single accurate position 
and a reference direction, the length of a base line is measured, to serve as the basis for 
other measurements of distance. The length of the base line should be at least one-fifth 
that of the average side of the principal network of lines of the survey. 

The length of the base line should be determined as accurately as equipment and 
conditions permit. For field surveys conducted by the U. S. Navy Hydrographic 
Office, the maximum error is specified as one part in 150,000. This is one foot in about 
25 nautical miles, or about half an inch per nautical mile. The probable error (art. 
2904) specified is one part in 500,000. 

For such accuracy a carefully calibrated, low-expansion-coefficient, Invar tape is 
used under a standard tension which allows for sag and stretching. Corrections are 
applied for temperature, height above sea level, and inclination (if the ground is not 
level). With standard professional methods this accuracy can be obtained over moder- 
ately rough terrain with slopes up to 20°. The base line is divided into sections about 
one kilometer (a little more than half a nautical mile) in length. Each section is meas- 
ured in each direction, using separate tapes, if available. It may be necessary to clear 
the line of brush or other growth to provide an unobstructed view. Stakes are driven at 
each tape length, and the distance between stakes is measured. A precise level (art. 
4006) is used to determine the inclination. In making the measurement, care should 
be exercised to prevent kinks, abrasion, and tension greater than that prescribed. 

The measurement of a base line can require a considerable amount of time. An 
approximate length can be determined quickly by means of a subtense bar (art. 4007) 
or even by a stadia, making the measurements in lengths of about 300 feet. Results 
obtained in this way are sufficiently accurate for graphic plotting done in the craft 
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running sounding lines. If later measurement indicates the need for adjustment, this 
can be provided by multiplying all distances by the ratio of accurate distance to pre- 
liminary distance. For a plot, only the scale need be changed. 

If the survey covers a limited area, as a harbor, a single base line is sufficient. 
However, if the survey is to extend over a considerable area, additional base lines are 
needed as checks. 

4110. Triangulation.—A network or chain of triangles with vertices at selected 
points on the ground is established in the area to be surveyed. In the selection of these 
points, which are commonly called stations, consideration is given to both topographic 
features and geometric factors. By carefully measuring the angles at the vertices of 
each triangle and using these measurements together with the position of the origin of 
the survey, and the length and direction of the base line, one is able to compute the 
position of each station. This forms a triangulation net (fig. 4110) covering the area 
and serving as the framework or skeleton to which all other positions are referred. The 
stations should be selected carefully to provide a strong net. This net, with its refer- 
ence to the origin and observed azimuth, is called the geodetic control of the survey. 
Those control points which are used for fixing position during survey of the water area 
constitute the hydrographic control. 

4111. Trilateration.—If a network of lines similar to a triangulation net is estab- 
lished by measuring the length of each line instead of the angles between lines, the process 
is called trilateration, and the system of lines is called a trilateration net. If lengths are 
measured by tape, as explained in article 4109, this is a time-consuming and often diffi- 
cult or impossible process. However, with the development of electronic methods of 
measuring distance, trilateration became a practical method. In periods of low visi- 
bility, or where lines are too long for visual observation (as between off-lying islands and 
the shore), it may be the only method available. 

4112. Traverse.—In some areas the best, or only available, method is by measuring 
both direction and distance of a series of lines. This is a traverse. It might be used 
where a clear view of one station is not available from others, or along an irregular beach. 
The application is usually limited, so that a traverse is generally somewhat subsidiary 
to the main triangulation or trilateration. 

In planning a traverse, one should select a route affording reasonably long legs as 
free as possible from obstacles. When the traverse is used to connect two parts of a 
net, reciprocal directions should be measured at the two ends, to provide a check. This 
provides two routes by which a line of the triangulation or trilateration can be carried 
through to a line of the traverse. Where the traverse follows a route with many curves, 
as along a stream or beach, it should be connected to the main triangulation or tri- 
lateration net at several points. If this is not practicable, an azimuth line should be 
established between points several legs apart, so that directions can be carried forward 
with greater accuracy. All main traverse stations should be permanently marked, but 
intermediate stations need not be permanently established. 

4113. Signals.—As each station is established, a conspicuous structure or signal 
is constructed or designated to mark the site. It is essential that the signal be accur- 
ately centered over the station, which for principal stations is marked by a bronze 
marker set in concrete. The signals take different forms depending upon the distance 
over which they are to be seen, obstructions, the need for identification, background, 
and the availability of existing structures. The shape, target area, and color are 
factors to be considered. The color is selected with particular reference to the back- 
ground. The three types of signal most used for principal stations are: 

Tower. A tower is used when needed to clear obstructions, where the distance is 
so great that the curvature of the earth is a consideration, or where a smaller target 
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Figure 4110.—A typical triangulation net. 


might not be sufficiently conspicuous. The type of tower generally used is an open- 
framework, prefabricated structure of galvanized steel, which can be assembled rapidly 
by an experienced crew (fig. 4113a). It consists of an inner tower to furnish instrument 
support, and an outer independent structure to support a platform for the observer. 
The tower is constructed in sections, to a maximum height of 113 feet. It can be made 
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smaller by omitting one or more of the bottom sections. Part of the outside may be 
covered with cloth to make it more conspicuous. 

Tripod. A wooden tripod (fig. 4113b) is the signal used most frequently when 
the observer has good visibility from the ground. Usually, the lumber is cut aboard 
ship and assembled at the site. It is generally about 25 to 30 feet high and covered 
with cloth or provided with latticed lumber to make it more conspicuous. It is firmly 
anchored and guyed by wires as necessary. 

Existing structures. Conspicuous church spires, chimneys, flagpoles, lighthouses, 
etc., can be used. For a complex structure, the specific part used should be specified. 
If there is any reasonable possibility of confusion, as when several chimneys are close 
together, the structure should be avoided. When an existing structure is used, a 
permanent marker is not installed. Usually it is necessary to observe from some point 
nearby, called an eccentric point, and provide a correction to the observations made 
from the station. This is done by measuring (1) the distance (D) between the structure 


Figure 4113a.—A tower survey signal. Figure 4113b.—A tripod survey signal. 


and the point of observation; and (2) the angle (a), at the point of observation, between 
a line to the structure and one to another signal, at an approximate distance (s) from 
the site. The correction (C) in seconds of arc to be applied to the direction of the 
distant station observed is then 

_Dsnea 

esisinel” 


Secondary signals for intermediate stations may be improvised from any suitable 
material available. Examples are a single pole with cross-lattice work or a flag, a 
whitewashed tree trunk or rock, a whitewashed box or barrel filled with stones or 
earth and surmounted by a flag, a piece of sheeting wrapped around a bush, ete. 

It is common practice to give each station a short name, for easy identification. 

4114. Records.—It is of importance that measurements be made carefully, and 
that complete records be kept. Each observer should be provided with a notebook in 
which to make notes as the survey progresses. At the end of each period of observa- 
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tion these notes should be converted to good form for the permanent record of the 
survey. 

All information should be evaluated as it is received. In many instances this 
requires at least preliminary computations to determine whether the work is of accept- 
able accuracy. Surveyors usually measure distances in meters to the nearest 0.01 
meter and angles to the nearest 0”1, and compute geodetic positions to the nearest 
0701. In a triangle formed by survey lines, the three angles should equal 180° plus 
the spherical excess due to curvature of the earth. This amounts to about 0"0175 per 
square nautical mile of area. If facilities are not available for computation, large- 
scale, carefully drawn plots may suffice. As the various positions are determined, 
they are plotted on a polyconic projection (art. 315). Any results that seem incon- 
sistent with others should be measured again. 

A complete description of each station, preferably with a sketch, should be pre- 
pared. It is generally desirable that preliminary descriptions be prepared indepen- 
dently by two observers, who should then collaborate in preparing the final descrip- 
tion. This information may be needed if the station is to be reoccupied, perhaps many 
years later. 

When a regular survey party is sent out, it is provided with standard computation 
forms, tables, and blank books for recording observations, as well as the instruments 
and other equipment needed to do the work. Others make the best use of whatever 
is available. 

When the survey is completed, all of the records are forwarded to the government 
agency responsible for charting the area. For United States personnel, this is the 
U. S. Coast and Geodetic Survey for United States territory, and the U. S. Navy 
Hydrographic Office for foreign areas. 


Hydrographic Survey 


4115. Control.—Hydrographic surveys differ in several respects from geodetic 
control surveys. The surface of the water is relatively flat, and the water obscures 
vision of the relief of the bottom. As a result, sharp discontinuities in the bottom 
level, such as pinnacles, might escape detection. Permanent stations are not estab- 
lished at sea, and the lack of a stable platform precludes precision measurement of 
angles with the type of equipment used ashore. Measurement of distances by tape 
is impractical over water. 

The principal function of a hydrographic survey is to determine depths of water. 
The positions at which soundings are obtained are determined by reference to estab- 
lished points on shore. In addition to locating the points at their correct geographical 
positions, this practice results in the land and marine features being in correct rela- 
tionship to each other. This is an important consideration because the marine navi- 
gator near a coast also locates himself relative to the land, in many instances using the 
same landmarks used by the surveyor. 

The means used for determining the position of the sounding craft is called 
control. The two kinds of hydrographic control in common use are visual and elec- 
tronic. At great distances from the shore, celestial navigation might be used. 

4116. Visual control is the determination of position by visual reference to con- 
spicuous landmarks. The most commonly used method is to obtain horizontal sex- 
tant angles and plot the position by means of a three-arm protractor (art. 4011). This 
is called the three-point fix method. 

Any conspicuous object which has been accurately located can be used. Geo- 
detic control survey signals might be available. Natural objects such as prominent 
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trees or sharp mountain peaks are often used. Existing structures such as lighthouses 
and church steeples make satisfactory marks. When marks are not available at desired 
locations, a signal might be constructed. The type most commonly used is a single 
mast 20 to 30 feet high,.to which three triangular skirts are attached at angles of 120° 
to each other (fig. 4116). A flag of distinctive color may be attached to the top to aid 
in identification. Floating signals may be used in shoal areas to extend control be- 
yond the limits of shore visibility. The signal generally used consists of a mast pro- 
vided with skirts or wooden slats, and supported 
on an anchored floating structure. The location of 
such a signal should be checked frequently, as it 
might be displaced by wind and wave action. 

The distance between signals depends upon the 
scale of the survey, general contour, and visibility. 
In general, signals should be one-half to one mile 
apart for harbor and anchorage surveys, and one to 
two miles apart for coastal surveys. 

The signals used for hydrographic surveys are 
normally positioned by reference to geodetic control 
survey stations. This is usually done by one of the 
following methods: 

Intersection of bearing lines from three or more 
stations, the position being determined either by 
computation or plotting. 

Resection by observing the bearing of three or 
Ficure 4116.—A single mast survey More stations from the position to be determined. 

signal. Traverse from established stations. 
A “ship-shore’”’ method is occasionally used. 
Horizontal sextant angles between the signal to be located and an established point 
are observed aboard ship at the same instant that the shore party measures angles 
from known points to locate the ship. 

4117. Electronic control is used in periods of low visibility, and beyond the range 
of normal visibility from shore. Any electronic positioning system meeting the ac- 
curacy requirements might be used. Those which have been extensively used are 
radio acoustic ranging (art. 1205); radar (art. 1208), usually with transponder beacons 
(art. 1108); shoran (art. 1213); electronic position indicator (art. 1213); Lorac (art 
1310); Decca (art. 1309); and Raydist (arts. 1214, 1311). Radio acoustic ranging, 
electronic position indicator, and radar are no longer in common use for control. 

To provide survey accuracy, the electronic equipment should be accurately tuned 
and calibrated, and should be operated within the closest practicable tolerances. 

The direct ranging methods (radio acoustic ranging, radar, shoran, and electronic 
position indicator) provide results that can be used without special equipment. Ranges 
are usually plotted by means of a number of concentric circular arcs drawn in advance 
on the plotting sheet, or in some cases by means of a beam compass and a diagonal 
metric scale (art. 4011). The accuracy of such readings varies with conditions, but 
about the best that can be expected for single readings is 15 yards for shoran, 75 yards 
for electronic position indicator, and 150 yards for radar with transponder beacons. 

The hyperbolic systems (Lorac, Decca, and Raydist) require location of the hyper- 
bolas. These are plotted at intervals, and intermediate values are obtained by inter- 
polation. The accuracy of these systems varies with position relative to the 
transmitters, but is sufficient for offshore surveys. 
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4118. Plotting sheets.—When the approximate extent of the area to be surveyed 
has been determined, a master plotting sheet is prepared, usually on the polyconic 
projection (art. 315). The scale depends upon the contour and the amount of detail 
to be shown. As the various items of information are determined, they are plotted on 
this survey sheet. Smaller sheets are prepared for use of the parties conducting the 
survey. Close to the beach these are of the same scale as the master sheet, but farther 
out they may be of smaller scale. These smaller sheets may be called boat sheets, 
ship sheets, shore line sheets, etc., as appropriate. 

4119. Topography.—The positions of the shore line, streams, mountains, hills, 
etc., may be available from a land survey. If this information is not available, it is 
determined as part of the hydrographic survey. 

The position of the shore line is best determined by means of vertical aerial photog- 
raphy (ch. XLIII). If this method is not available, positions are obtained, usually by 
horizontal sextant angles, at short intervals along the beach. The beach line is sketched 
in through the established points. 

Inland features are located by horizontal sextant angles or by transit angles from 
triangulation stations. The heights of hills near the shore can be determined by 
vertical angle measurement and table 9 (or more accurately by computation), or by 
difference in the reading of a barometer, using table 11 or the formula of article 3707. 
If enough information is available, contours should be sketched in. The location of a 
summit should be indicated by a dot, and the height indicated by a number. 

4120. Hydrographic features.—Depth is determined by running a series of parallel 
sounding lines. Usually, these are run normal to the general trend of the beach, but 
in areas of shoals or other dangers, they should be run in such direction as to provide 
the best indication of the bottom features. The sounding lines should be spaced at 
intervals of two-tenths of an inch on the plotting sheet. Check lines should be run 
perpendicular to the main group, at intervals of perhaps two inches on the plot. When 
these sheets are prepared, the desired lines should be drawn lightly im pencil to serve 
as a guide to the sounding craft. Bottom samples should be taken at intervals of not 
more than two inches on the plotting sheet, except in depths greater than 50 fathoms, 
where bottom samples normally are not taken unless required for the oceanographic 
aspects of the survey. 

In shoal water and sheltered areas, sounding lines are run by small craft. Farther 
from shore larger craft, including the survey ship itself, run the lines. 

For harbor and anchorage surveys, the scale of the plotting sheets is generally 
1:5,000, 1:10,000, or occasionally 1:25,000. A fix should be obtained every two minutes. 
Soundings should preferably be obtained by a recording echo sounder, to provide a 
bottom profile. Every 15 seconds the sounding should be recorded in a sounding book 
provided for this purpose. If the depth is not greater than 11 fathoms, soundings should 
be recorded to the nearest foot. For greater depths, the nearest one-half fathom is 
sufficient. 

For channel surveys, the scale of the plotting sheet may be 1:10,000, 1:25,000, or 
even 1:50,000 in some cases. Fixes should be obtained at intervals of two minutes, and 
soundings recorded every 15 seconds unless the scale of the survey is 1:50,000, when 
every 30 seconds should suffice. 

For coastal surveys, the scale should be about 1:50,000 to a depth of 20 fathoms, 
1:100,000 between 20 and 100 fathoms, and 1:250,000 for greater depths. The in- 
terval between fixes should be about three, five, or ten minutes, respectively, for the 
three scales. Soundings should be recorded every 30 seconds for a 1:50,000 plot, and 
every minute for smaller scales. 
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Sometimes it is necessary to sound an area well offshore, as a bank in the open 
sea. The individual circumstances govern the choice of technique to use. Control is 
provided by the best means available. If the area is beyond the range of the electronic 
position indicator, celestial navigation or loran might be used. If the water is sufficiently 
shoal to permit anchoring, a relatively large number of observations might be made to 
establish one position from which others can be determined. Open ocean surveys are 
further discussed in chapter XLII. 

In any hydrographic survey, an area in which the existence of a shoal or other 
obstruction is suspected should be sounded thoroughly by a number of closely spaced 
lines, to be reasonably certain that the least depths have been found and their positions 
accurately determined. The surest way of determining that the least depth has been 
found is to use a wire drag. This is particularly important in rocky or coral areas, 
where individual pinnacles may not be found by sounding, however thorough. Basic- 
ally, a drag consists of a submerged horizontal ‘ground wire” suspended by upright 
wires from buoys and held at a constant depth by weights and submerged floats. The 
ground wire is towed over the area between two vessels, and will strike or hang on 
obstructions extending above the depth at which it is towed. If the ground wire 
rides up over the obstruction, the fact is indicated by the falling over of the supporting 
buoys. The depth at which the ground wire is towed can be varied by altering the 
length of the upright wires. The depth usually used is 42 feet. The wire drag was 
developed by the U. S. Coast and Geodetic Survey. A detailed description of the 
construction and use of the device is given in Publication No. 20-1 of that organization. 
Since wire drag surveys are costly and time-consuming, they are normally used only 
in critical areas such as important harbors, anchorages, and channels. 

A pier and its surrounding area should be surveyed carefully. Its direction and 
dimensions should be established accurately. Hand lead soundings should be taken 
every 20 feet along the face of the pier. Additional sounding lines should be run 
parallel to the pier at distances of 20, 40, and 60 feet. 

In general, a small stream is sufficiently surveyed for chart purposes if a few lines 
of soundings are run in the navigable part, parallel to the principal reaches, with an 
estimate of the distances to each shore. However, individual circumstances should 
govern. 

4121. Tide and tidal current observations.—Tide observations should begin as soon 
as practicable, using the appropriate equipment (art. 4009). A permanent tide station 
may be installed, but more often temporary stations are used in surveying. If the 
area to be surveyed is extensive, or if local conditions indicate a possible wide variation 
in tidal conditions at different points in the area, several stations should be established 
at representative points. Observations should continue throughout the period of the 
survey, or longer if practicable. It is desirable that the period of observation extend 
over an entire synodical month (29% days). 

A sufficient number of tidal current observations should be made to establish the 
current pattern for the area, with particular reference to the direction and maximum 
speed in the principal channels, and the times of all maximum speeds and slacks. 

If a current meter (art. 4010) is not available, observations can be made by an 
improvised method. A current pole consists of a pole weighted so as to float vertically, 
and having a log line attached. The pole is placed in the water from an anchored 
vessel or fixed point, and permitted to drift with the current. The amount of drift 
in a timed interval can be determined by measuring the length of line paid out. A 
simple computation can be used to convert this to speed. The direction can be deter- 
mined by noting the direction the log line tends. This method is particularly adapted 
to current measurement at the anchorage of the survey ship. In the channels, a 
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launch can be permitted to drift with the current, its position being determined at 
short intervals by horizontal sextant angles and three-arm protractor, or other suitable 
method. Occasionally, current can be measured by water-soluble dyes. 

4122. Magnetic measurements.—If specialized magnetic instruments are avail- 
able, a magnetic observatory can be set up ashore to determine all magnetic elements 
for which equipment is available. Observations might continue throughout the period 
of the survey. If such equipment is not available, a magnetic compass might be taken 
ashore, free from the deviating influence of the vessel, and the variation determined 
by carefully measuring the magnetic direction of any accurately measured line of the 
survey. If no such line is available, magnetic azimuths of the sun or other celestial 
body can be measured and compared with the computed true azimuth at the same 
instants. A dip needle might be available to measure the magnetic dip. 

It is desirable to take readings at a number of places, to check for anomalies. In 
the water areas, anomalies which affect variation can be detected by steering a steady 
course and measuring the compass bearings of established shore points from a series 
of known positions as the vessel proceeds. These can then be compared with computed 
or measured true directions to determine compass error, which should remain essentially 
constant as long as the course remains unchanged. 

At the principal shore station, observations should preferably continue over the 
period of the survey, to eliminate the effects of any magnetic disturbances. Because of 
possible diurnal change, readings should be taken at different times during the day. 
If this is not practicable, readings are best made at about noon. 

4123. Geographic names.—The correct names and spellings of all named places 
and features in the area covered by the survey should be determined from reliable 
local sources, noting any established variations. Full information on names should 
be submitted with the survey records. 

4124. Aids to navigation.—The location of each aid to navigation should be deter- 
mined carefully. A description of the aid should be prepared and, if lighted, its 
characteristics should be timed. Any discrepancies between actual conditions and 
information given in the light lists or sailing directions should be noted. The promi- 
nence of the aids with respect to their backgrounds should be observed, and any advis- 
able precautions with respect to the aids should be recorded. Lines of demarkation 
between color sectors should be measured carefully. The directions and lengths of 
ranges should be measured. If aids are moved from time to time because of changes 
in hydrographic features or seasonal ice or weather conditions, detailed information 
should be recorded. Signal stations and other prominent landmarks which might be 
useful to a navigator should be located and described. 

4125. Miscellaneous information.—In addition to the various measurements, 
descriptive information forms an important part of a hydrographic survey. This is 
useful in the interpretation of the measurements, and it provides a major source of 
information for notes on the charts, and for compilation of sailing directions or coast 
pilots. The amount and detail of the information to be collected varies with individual 
circumstances. The surveyor should be alert to note any items that should be included, 
recording the appropriate details as they come to his attention. Even negative infor- 
mation is helpful when it answers a question that might logically come to the mind of 
the mariner. Examples of the items that might be included are: 

Errors, omissions, or ambiguous statements in publications such as sailing directions 
or light lists. 

A description of the general trend, features, and aspect of the coast as it is ap- 
proached. ‘This description might well be supplemented with pictures or radar scope 
photographs from stated positions and heights. 
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The color and extent of discolored water. 

The nature and extent of meteorological and seasonal influences. 

The kind and type of ice. 

The location of fishing stakes, nets, and fishing boat operations. 

The location, landing places, and shore markers of submarine cables; and the 
location and height of overhead cables. 

The location of ferry crossings and other areas where local traffic may be heavy. 

The location of restricted or military operating areas, with a statement of the regu- 
lations pertaining to them. 

The location and extent of overfalls, rips, etc. 

A description of the various awash dangers at various stages of the tide. 

The location and nature of all wrecks, with all pertinent information regarding 
their visibility, depth, markers, etc. 

Whether or not channels are dredged, and the probability of their filling with 
sediment. 

Safe speed to use through channels, confined waters, etc. 

Suitability of anchorages with respect to holding qualities, availability of mooring 
buoys, freedom from obstructions, direction and speed of wind and currents, amount and 
direction of swell, etc. 

Location and description of special anchorages, with the regulations concerning 
their use. 

Prevalence of fog and other visibility-limiting phenomena. 

Any needed explanatory information on tides and currents. 

The appearance and effect of mirages, abnormal refraction, phosphorescent seas, 
etc. 

Local harbor regulations. 

Port and aerodrome facilities. 

Pertinent information regarding shore settlements. 

4126. Records.—As information is collected, it should be evaluated and incor- 
porated in the one master record. Each item should be verified as it is recorded. When 
the survey has been completed, the smooth copy of the completed information should 
be sent to the appropriate government charting agency. When an acknowledgement 
of the receipt of this information is received, the additional records such as sounding 
books, angle books, etc., should be forwarded. 


Limited Surveys 


4127. Exploratory survey.—When time or lack of equipment does not permit, or 
where desired results do not justify the carrying out of a standard geodetic control or 
hydrographic survey, a limited exploratory survey may be conducted. This might be 
an advance investigation to determine the desirability of making a full detailed survey, 
an operation to make a preliminary chart of an anchorage, an investigation of a reported 
shoal, etc. The principles and techniques in general conform to those described earlier 
in this chapter, but are adapted to meet the requirements, instrument limitations, and 
training of personnel. This is the type of survey that might well be assigned to a 
nonsurvey vessel. 

When the area to be surveyed is covered by maps or charts of reasonable relia- 
bility, it is customary to establish the origin of the survey by scaling the position of one 
landmark from the chart. When this source of information is not available, the origin 
might be determined by careful measurement of electronic or celestial information 
needed for a position. If the position is determined from celestial observations ashore, 
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a theodolite or transit should be used if available. If it is not, an artificial horizon might 
be used with a sextant. It is desirable to observe at least 12 bodies well distributed 
around the horizon. At sea, it is desirable to anchor, or remain in the vicinity of an 
anchored aid to navigation. 

A reference direction is best determined by astronomical means. If a theodolite or 
transit is not available, a sextant might be used with a body at low altitude, measure- 
ment being made of the horizontal angle. If visibility limitations or available time does 
not permit, a gyro compass might be used, as follows: With the ship at anchor, bearings 
of an observer on shore are observed. The observer measures the horizontal angle 
between the ship’s gyro repeater used for the observation, and a landmark, using a 
theodolite, transit, or sextant. The reciprocal of the gyro repeater bearing, with the 
measured angle applied, is the direction from the observer to the landmark. 

If the length of the base line cannot be measured by one of the methods described 
in article 4109, an approximation of sufficient accuracy for some purposes might be 
determined by measurement from the ship, using any available means, such as radar. 
Either of two methods might be used. A base line across navigable water might be 
selected. As the ship steams across the base line the distance to each shore station is 
measured. The least sum of the two distances is the length of the base line. The 
average of several such determinations should be used. By the second method, the 
distance to a single shore station is measured. At thé same moment, an observer at the 
shore station measures the angle between the ship’s radar antenna and a second shore 
station. At the second station an observer measures the angle between the antenna and 
the first shore station. With this information, the length of the line between the two 
shore stations can be computed. 

If triangulation is needed, it is carried out as accurately as time and equipment 
permit. If horizontal sextant angles are used, the stations should be at nearly the 
same height if practicable. 

An essential part of an exploratory survey of a harbor or anchorage is to delineate 
the shore line and coastal topography as accurately and completely as time permits. 
The quickest and best method is to use vertical aerial photography, if available. If 
this is used, established control points should be marked and described. If this method 
is not available, a reasonably accurate method is to run a traverse along the beach. 
A quick method of obtaining a rough approximation consists of determining radar 
bearings and distances to a number of shore points, from an anchored ship, and sketch- 
ing in the shore line. A photograph or trace of a radar PPI presentation is another 
possibility. 

Heights might be determined by transit or sextant angles, or by air search radar, 
with table 9. 

Sounding lines are run as close together as conditions and time permit. Fixes are 
obtained by horizontal sextant angles, cross bearings, or radar at such intervals as 
warranted by the requirements of the survey and available time and equipment. Fixes 
at three-minute intervals are commonly used in harbor areas. The position of a sound- 
ing boat might be determined relative to the anchored survey ship, using radar. The 
sounding lines should be run in a systematic manner, with shoal areas being given 
extra attention. Soundings should be plotted directly on the work sheet, and fathom 
curves sketched in as the information becomes available. 

Tide and current observations should be made as completely as time and condi- 
tions permit. A tide staff is usually used with half-hourly readings of the height. 
Current is usually measured by an improvised current pole (art. 4121). 

A complete and accurate record should be made and forwarded to the appropriate 
government authority upon completion of the work. 
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4128. Running survey.—A limited survey can be conducted as a ship steams 
along a coast. The position at the beginning of the run is determined as accurately 
as conditions permit. If accurately charted landmarks are not available, it may be 
possible to send a landing party ashore to establish a good astronomical position. 

As the survey progresses, the ship steams at a safe distance from the shore, deter- 
mining its courses and speeds as accurately as practicable. Natural ranges may be 
available from time to time to provide good courses. If charted shore objects are 
available, frequent fixes can be determined and the dead reckoning between them 
adjusted to avoid gaps in the plot. As the ship proceeds, continuous soundings are 
taken, preferably by a recording echo sounder. Bottom samples are taken at frequent 
intervals if conditions permit, and if required. 

If the shore has not been accurately surveyed and charted, positions of various 
prominent landmarks are established by a series of horizontal sextant angles or bear- 
ings, or by radar, as the vessel proceeds. A minimum of three readings should be 
made on each object, so that its plotted position will be reasonably accurate, and to be 
sure of identification. Since errors in this method are cumulative—the positions of 
landmarks being established from the ship, and then future positions of the ship 
established by means of the same landmarks—it is desirable to make all measurements 
as accurately as practicable. Generally it is best to steam at moderate and constant 
speed, stopping only if this contributes to the establishment of better positions. 

If available, one or more launches might proceed along parallel courses between 
the ship and the shore to obtain additional lines of soundings. Their positions might 
be determined by a series of bearing and distance measurements, as by radar, or what- 
ever means are available. These launches can collect additional information regarding 
the shore line and beach topography. Under some conditions a launch might contrib- 
ute most to the survey by proceeding at will, obtaining angles and making sketches 
and notes, rather than taking soundings. With a recording echo sounder it might 
serve both functions. 

All observations should be recorded, and all positions plotted as soon as received, 
so that apparent errors might be corrected while the landmarks are still visible. Be- 
cause of the approximate nature of the survey, a large scale plotting sheet is not justi- 
fied, a scale of 1:100,000 usually being adequate. Sketches and descriptions of various 
details along the coast can serve useful purposes later. If shore parties are landed, 
distingvishing marks might be established at some points. The amount of detail 
recorded depends primarily upon the time available, and perhaps upon the require- 
ments of the survey. Discrepancies are certain to occur. These are resolved as accu- 
rately and completely as available information permits. 

4129. Beach survey.—The most common purpose of a beach survey is to provide 
preliminary data for use in planning the constructions of piers, docks, or other harbor 
facilities. Another common purpose is to obtain data useful for landing supplies, 
equipment, and personnel directly on the beach from landing craft or amphibious 
vehicles. 

Since a beach survey seeks detailed information about a relatively small area, 
accurate control (position) is essential. Several methods are in use: 

Range and distance. Several ranges are established on shore, accurately meas- 
ured by transit and tape, and marked by suitable markers. These ranges are estab- 
lished perpendicular to the general trend of the coast, and numbered for identification. 
The sounding boat runs lines of soundings in line with the ranges, determining distance 
offshore by stadia (with the rod in the boat and the observer on shore), or by attaching 
a line to an object on the beach and streaming out the line as the boat proceeds along 
the range, away from the shore. 
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Two ranges. Where the trend of the beach permits, two series of ranges can be 
established nearly perpendicular to each other, so that distance measurements are not 
needed. 

Two transits can be set up at accurately determined positions on shore. Angles 
to the sounding boat are observed simultaneously at frequent intervals. This method 
is precise, but does not provide guidance to the sounding boat, since positions are 
determined on shore at a later time. 

Horizontal sextant angles can be determined simultaneously by two observers in 
the boat, the results being plotted by three-arm protractor. This method is not 
attractive unless the area to be sounded is extensive. 

Depth of water may be determined by echo sounder or pressure gage where prac- 
ticable, but generally soundings close to the beach are made by hand lead or sounding 
pole. If the bottom is very soft, the lower end of the lead or pole should be fitted with 
a disk to prevent excessive penetration. 

Chart projections are seldom required for a beach survey. A plane coordinate 
grid oriented with respect to an origin on shore, or the ranges, is sufficient for most 
purposes. The scale should be appropriate to the area and accuracy requirements, 
1 inch=100 feet being commonly used. Soundings should be recorded to the nearest 
one-half foot out to the depth considered critical for the project. 

Tide observations should be recorded continuously during the survey and, if 
practicable, should be extended to cover a synodical month (29% days). One or more 
permanent bench marks should be established, and the height of the water level de- 
termined relative to the nearest foot mark if a tide staff is used. 

Current measurements should be made to determine any current along the shore, 
and also maximum ebb and flood. 

If the beach is to be used for landing vehicles, the suitability of the beach and 
backshore for landing and operating the type vehicles involved should be determined 
by inspection and also by penetration and other tests, as practicable. Wind, sea and 
swell, coastal currents, and character of beach materials are factors which govern pos- 
sible sedimentation or erosion, and so should receive attention in the survey. 

If the sea approaches have not been surveyed, these areas should be given attention 
in connection with the beach survey. 

4130. Bathymetric survey.—Sounding lines run at sea are of assistance in adding 
detail to existing charts, or in constructing special charts to serve particular purposes. 
Most of the required information is obtained by ships proceeding between ports, either 
singly or in company with other ships. The important factors are accurate depths 
and accurate positions. These operations are given more detailed attention in chapter 
XLII. 

4131. Checking accuracy of existing charts.—A mariner can perform a real service 
to himself and others by being continually alert to detect errors on the charts or in 
sailing directions. When such errors are suspected, an opinion that an error exists, 
or the submission of a chart with corrections shown, is of relatively little value to a 
charting agency. Chart requirements demand a higher order of accuracy than that of 
a vessel fixing its position by normal methods of navigation. 

Positions of shoals, aids to navigation, landmarks, etc., should be determined 
carefully by whatever method is available. The average ship is provided with means 
for determining position to accepted accuracy. For instance, if an uncharted shoal is 
found, a launch should be sent to investigate. A sounding lead, two sextants, a chart, 
a three-arm protractor (improvised if necessary), and plotting board may be all that is 
needed. As the launch moves back and forth across the shoal, soundings are taken and 
simultaneous horizontal sextant angles between conspicuous charted objects are meas- 
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ured. If a single sextant is available, angles may be measured in quick succession, 
followed by a second measurement of the first angle, at approximately the same time 
interval as that between the first two measurements. If the objects are at a considerable 
distance, so that angles change slowly, the average of the two readings of the first angle 
can be used without significant error. Positions are then plotted and soundings 
recorded. The height of tide should be noted by tide table or other available means. 
The investigation should be continued over a sufficient area, and with enough thorough- 
ness, to obtain an accurate indication of the nature and extent of the feature. If time 
permits, the surrounding area should be investigated to determine other possible shoals. 

Points on land might be located by a number of bearing or distance measurements 
from different accurately located positions of the ship, or by measurements of direction 
made on land. A new structure might be located by information obtainable ashore, 
or by reference to other nearby structures. If a charted landmark is missing or has 
been moved, information should be sought ashore to determine the permanency of the 
change, and perhaps precise information regarding position, height, ete. 

The number of variations is almost limitless, but the important thing to remember 
is the need to be alert to detect possible errors in the chart, and to obtain as complete 
and accurate information as practicable, submitting all details and an evaluation of the 
reliability of the data submitted. If complete information is not available, send what 
can be obtained, to at least alert the charting agency of the need for a correction. In 
the case of man-made changes, a possible source of complete information is helpful if 
the data itself cannot be obtained. 

The mariner himself is one of the most valuable sources of information. By pro- 
viding reliable data, he can help keep his charts and sailing directions accurate, current, 
and complete. 
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CHAPTER XLII 
OCEANIC SOUNDINGS 


4201. Introduction.—Relatively little is known of the surface features of the nearly 
71 percent of the earth covered by water. However, enough has been learned to indicate 
that the unseen topography beneath the oceans has all the features common to that 
above water. It is known that there are submerged mountains extending to greater 
heights above their surroundings than do the Rockies, and depressions deeper than the 
Grand Canyon. 

While many of the general features are known, details are lacking. A very large 
number of accurately located soundings are needed to provide sufficient information to 
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Figure 4201.—Contour lines and hachures (top) may be used to show underwater relief (bottom). 


describe adequately the underwater relief. If sufficient information is available, such 
relief can be delineated on nautical charts by means of contours and hachures. A 
simplified chart of this type is shown in the upper part of figure 4201. The lower part 
of the figure is a block diagram of the area shown on the chart. Only a small part of the 
oceans has been sounded sufficiently to provide the detailed information needed for 
such a chart. Even in narrow strips along many coasts, along the route of the North 
Atlantic cable, and along a strip of the Pacific from California to the Carolines, where 
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soundings have been most numerous, the underwater relief is not known with the desired 
completeness and accuracy. 

As long as oceanic soundings could be made only by a vessel stopping and lowering 
a weight, a process which might require several hours for a single sounding in very deep 
water, it was impractical for most vessels to obtain very much depth information at 
sea. With the development of the echo sounder, however, this situation has changed. 
With a recording echo sounder, a ship can obtain a profile along its track from continent 
to continent without slowing, using about a yard of recording paper per day. Such 
information, if reliable, is of great assistance to charting agencies in preparing more 
adequate charts of the ocean areas. 

4202. Sounding equipment.—While lead lines and sounding machines have been 
used at sea, almost all deep-sea soundings are now taken by echo sounder (art. 619). 
If a depth recording device is available, it should be used, as the profile thus produced 
is a better indication of the bottom than even the most closely spaced visual readings. 

All echo sounding equipment is subject to certain errors unless the operator has a 
clear understanding of the operating characteristics and limitations of the instrument. 
The routine checks recommended by the manufacturer should be made at every change 
of the watch, or oftener. In addition, the operator should be alert for certain possible 
errors peculiar to his instrument. A close watch should be kept on the proper function- 
ing of the stylus, recorder speed, the zero adjustment, and the frequency of the electric 
current. The percentage error in the recorded depth is the same as that of the electric 
current frequency. Thus, at 3,000 fathoms, the error of a 60-cycle echo sounder is 
100 fathoms if the actual frequency is in error by two cycles. 

4203. Evaluating results.—Inaccurate results may be worse than no information 
at all. Therefore, every effort should be made to obtain reliable data. Particularly, 
soundings which conflict with known or charted depths should be carefully analyzed. 
Even when the equipment is operating correctly, false returns might be received due to 
sources external to the vessel. A shoal “phantom bottom” may be due to marine life, 
there may be multiple echoes or interference, or no return may be received because of 
aeration of the water or suspended matter in it. Such errors are further discussed 
in article 3504. Unusual local conditions may be a source of error. If an error is 
believed probable, but no source is detected, full information should be submitted 
with the soundings, for the charting agency may be able to interpret the results. This 
action is particularly important where the measured depths are less than those shown 
on the chart. If no error can be found, the charting agency may have no alternative 
but to enter the shoal soundings upon the charts affected, and take the first opportunity 
to send a survey vessel to verify or disprove them. 

The speed at which sound travels in water varies with the salinity, temperature, 
and pressure. When these are known, corrections can be applied to obtain more ac- 
curate results. However, this is normally done only for scientific purposes. Those 
soundings submitted to a charting agency should be the uncorrected values obtained 
by using an assumed standard speed of 4,800 feet per second. 

4204. Deep sea sounding lines.—Most deep sea soundings are obtained by ships 
proceeding between ports. Soundings should be taken at every opportunity. Those 
taken in well-surveyed areas can be of assistance to the navigator in locating his position. 
If they conflict with values shown on the chart, and no error is found, they should be 
sent to the appropriate charting agency, with full particulars. All soundings in areas 
for which little depth information is shown on the chart should be submitted. 

In addition to reliable soundings, accurate positions are needed. Navigation should 
be in accordance with standard practice, using every practicable means to reduce error 
and provide frequent checks on position. 
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When two or more ships are operating together, they should steam on parallel 
courses about five miles apart, maintaining stations abeam of each other by continuous 
monitoring by radar and pelorus, or other available means. Only one ship should 
perform the navigation used for controlling the survey. 

4205. Investigating small areas.—If a feature of particular interest, such as an 
isolated shoal or a seamount, is found or reported in the vicinity of the vessel, a service 
can be rendered by conducting a further investigation in the vicinity of the feature. 
Two methods are in common use for this purpose: 

Radial. A system of radial lines 20° apart are laid out from a central control point, 
preferably at the center of the feature to be investigated. These are extended outward 
for a distance of about 30 miles, and the ends of alternate ones are connected, as shown 
in figure 4205a. These form a series of course lines as shown. 

Parallel. A north-south, east-west square is laid out with perhaps 60-mile sides, 
the center of the feature of interest being at the center of the square. A series of course 
lines are drawn parallel to one side of the square, at intervals of about five miles. The 
ends of alternate parallel course lines are connected, as shown in figure 4205b. 


20° 


30 miles 


———_————Center Control Point 


Figure 4205a.—Radial course line pattern. 
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Figure 4205b.—Parallel course line pattern. 


During such an investigation, by either method, the best control of position can 
usually be obtained by anchoring a buoy, if practicable, at the center of the area. In 
some instances, several buoys might be used. Any rig having buoyancy adequate to 
support the necessary length of anchor cable is satisfactory. The type generally used 
consists of a steel drum or mooring buoy with a weight attached to a cable, in the case 
of a large buoy, or piano wire if the buoy is small and of insufficient buoyancy to support 
a cable. A chain is not generally used. Buoys of this type have been successfully 
anchored in depths to 2,500 fathoms. The position of the buoy is determined as ac- 
curately as practicable, using celestial navigation, loran, or whatever means are avail- 
able. Position of the vessel is determined relative to the buoy or buoys, using visual 
or radar bearings and ranges at intervals of half an hour or less. Beyond this range, the 
best available means are used. <A balloon with a suspended radar reflector might be 
attached to the buoy to extend its range of usefulness. The securing line of the balloon 
should be at least 400 feet long, if practicable. 

Sonar ranging, if available, should be used to assist in the location of shoal areas. 

4206. Records.—While a reliable trace of the bottom is being obtained, the recorder 
should be operated continuously. Each hour, preferably on the hour, the time should 
be written on the graph, with an arrow pointing to the correct position on the trace. 
A fix marker may be used if the recorder is provided with one. In addition, the time 
of sharp changes in depth and other interesting features should be recorded. The date 
should be entered each watch, and the ship’s name given at each end of the graph. Other 
pertinent information should be recorded. Figure 4206a illustrates a properly marked 
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Figure 4206b.—An adjusted plot with 


Figure 4206a.—A properly marked depth recorder graph. 
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graph. When a reliable trace is not recorded, visible or audible soundings should be 
recorded in a log at least every five minutes. The time and date of the entries should 
be included in the log. 

A plot of the.track should be made on a plotting sheet. On this plot the dead 
reckoning lines and times should be adjusted to provide a continuous run, without gaps. 
Pertinent navigational data should be included, but no extraneous information should 
be given. Soundings should be spaced about one-quarter inch apart on the plot. The 
position of each sounding should be indicated by a tick with the sounding in fathoms 
given alongside, at an angle to the track line. Most plotting sheets have printed labels 
for the parallels of latitude. It is necessary that labels for the meridians be recorded. 
an item that should not be overlooked. The date of the soundings and the name of the 
vessel should also be recorded. Accuracy is essential, and neatness is desirable. Figure 
4206b illustrates a typical adjusted plot. 

When the work has been completed, all necessary information should be sent to 
the appropriate charting agency, usually the U. S. Navy Hydrographic Office. This 
should include the unadjusted plot used for navigation, the adjusted plot; data for each 
fix, with the navigator’s evaluation of its reliability, and appropriate comments on 
weather conditions, etc.; depth recorder trace; and sounding log (if kept). The com- 
manding officer’s or captain’s forwarding letter should indicate where the soundings 
were taken, type of sounding equipment, any difficulties encountered, and pertinent 
remarks regarding estimated reliability of the data. Additional information of value 
to cooperating observers is given in H.O. Pub. No. 606-b. 


CHAPTER XLIII 
PHOTOGRAMMETRY 


4301. Introduction.—One of the most significant contributions to modern map 
making has been the development of the precision aerial camera and the techniques for 
interpreting and utilizing the information appearing on the photographs made by it. 
Such photographs constitute a detailed and permanent record of all unobscured natural 
and man-made features of a given section of the earth’s surface, and as such, furnish 
more completely than any other means the information required for making maps. 
However, all photographs, whether aerial or terrestrial, are perspective views, and it is 
necessary to change these to orthographic views in order to obtain reliable map informa- 
tion. Although an aerial photograph is often map-like in appearance, there are many 
errors, both systematic and random, which prevent the photograph from being a true 
map. The science of photogrammetry is used to eliminate or correct these errors and 
also to properly record all the photographed information into a true map presentation. 
Its development into a complex and exact science has made photogrammetry the most 
efficient, accurate, and economical method for mapping large areas. 

It is not the purpose of this chapter to present the detailed theory or working 
procedure of photogrammetric instruments and methods, but rather to acquaint the 
reader with the fact that such methods and instruments do exist and also to present 
simple formulas and techniques that a nonphotogrammetrist can utilize to obtain 
valuable, map-like information from aerial and ground (or shipboard) photographs. 

4302. General photography classifications.—Photography used in map making 
is of three general classifications: 

Vertical (aerial) photography, made with the optical axis of the camera vertical to 
the earth, or approximately so. 

Oblique (aerial) photography, made with the optical axis of the camera at an angle 
to the vertical. 

Terrestrial (ground) photography, made with the camera’s optical axis in a gener- 
ally horizontal position. 

Each of these types of photography has its own particular field of usefulness, 
but the vertical aerial photograph is the type most widely used for mapping, since 
it most nearly resembles a map. 

4303. Vertical photography.—The vertical photograph is not a map, but a per- 
spective projection of three-dimensional terrain onto a two-dimensional photograph. 
This results in the photographic images being displaced from their true horizontal 
relationships due to the relief of the terrain features and any tilt of the aerial camera. 
This in turn results in a photograph which does not have a uniform scale. These dis- 
placements of image positions prevent the accurate determination of either distance 
or direction directly from the photograph. Figure 4303a illustrates the principle of 
image displacements due to the relief of terrain features. 

For regular photogrammetric mapping purposes, vertical aerial photography is 
accomplished with less than 3° of tilt and in such a manner that there is approximately 
60 percent overlap between photographs in line-of-flight, and approximately 20 percent 
sidelap between adjacent strips of photographs. The 60 percent overlap provides at 
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Figure 4303a.—Displacement due to relief. 


876 PHOTOGRAMMETRY 


least two different views of all features photographed. This is necessary to achieve 
the stereoscopic effect by which interpretation and measurements can be accom- 
plished. By understanding and utilizing the geometric properties of this photography, 
one can obtain the information required to make a map; and accurate vertical, as well 
as horizontal, measurements can be made. 

The radial line plot is one method of compiling a planimetric map (one showing 
horizontal position only) from overlapping vertical aerial photographs. Displacement 
due to relief and small amounts of tilt is corrected graphically by the radial-line inter- 
section method. The center of each photograph is located, and any ground control 
points are identified and marked on the photographs. Auxiliary control points are 
selected on all photographs to strengthen the network. Radial-line intersections are 
taken from successive photograph centers to all control points. These intersections 
define the distances and directions of the points on the photographs. 

The ground control points are plotted on a grid or map projection for the purpose 
of orienting the photographs. The intersecting of the radial lines and the orienting of 
the photographs to the plotted control network can be done graphically or mechanically 
through the use of arms or templates. After all the auxiliary control points have been 
correctly plotted on the manuscript, planimetric detail can be traced from the photo- 
graphs by aligning corresponding points on the manuscript and photographs. 

There are photogrammetric instruments capable of utilizing the basic photographic 
information to plot a standard topographic map manuscript. These instruments 
encompass a tremendous range from relatively simple monocular devices to highly 
complex optical and mechanical instruments. In basic theory, they recreate the three- 
dimensional view as photographed from aircraft, and permit the plotting of these ter- 
rain features onto a map manuscript. 

Figure 4303b shows the working principle of one of these instruments, the multi- 
plex. Nine-inch square aerial negatives are reduced by the use of a reduction printer to 
small transparencies called diapositives. These are placed in projectors held by 
brackets above a flat table. The brackets have adjustments by which the relation- 
ship that existed between the pictures at the time of exposure can be reestablished to 
scale with the two projectors. As many as 24 projectors can be placed on a frame. 
Thus, control established at a known point on the earth can be extended many miles. 

The projectors are oriented in such a way that corresponding rays from the adja- 
cent diapositives intersect at the image space above the table. By this means a stereo- 
scopic model of the terrain appearing on the original negatives is precisely created. 
The adjacent diapositives are projected in complementary colors (red and green) 
onto a tracing table at any level of the stereoscopic model as a two-color anaglyph, and 
the operator views this model through spectacles in which one glass is red and the 
other green. Briefly, the tracing table consists of a round white disk called a platen, 
in the center of which is a very small illuminated hole. The platen is supported by 
two columns, and by means of a knurled screw it can be raised and lowered. In this 
way, the point of light can be made to appear on the surface of the ground, and dif- 
ferences in elevations can be read on a counter mounted on one of the columns. A 
pencil holder is mounted directly beneath the illuminated point, and the whole device 
is mounted on agate foot pads so that it can be easily moved over a piece of suitable 
drawing material. In this way, the operator can trace the horizontal position of se- 
lected data, including relief features, in an orthographic presentation of the earth’s 
surface corresponding to the photographic coverage. 

4304. Scale of vertical photograph.—The scale of the vertical aerial photograph, 
usually expressed as a representative fraction (e.g. 1:40,000), denotes only the average 
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or approximate scale, for even on an untilted vertical photograph there can be no 


uniform scale due to the varying elevations to the terrain. 


If the scale of an aerial 


photograph is to be determined, two items of basic information must be known: (1) 
the focal length of the aerial camera, and (2) the flight altitude of the photographic 


aircraft above the terrain. 


Fieure 4305.— Determination of height by image 
displacement. 


The scale is determined by the ratio of these factors. 


For example: If the focal length (f)=6 
inches=0.5 feet, and the flight altitude 
(H) =20,000 feet, then: 


photo scale= : uy : 


The approximate scale of the vertical 
aerial photograph can also be established 
by comparison of distances on the photo- 
graph with corresponding distances on a 
map of known scale. 

4305. Height determination.—If the 
foreshortened side of an object of consider- 
able height, such as a tower or lighthouse, 
appears on a vertical aerial photograph, 
a simple application of the geometric 
properties of a photograph can determine 
the true height. The factors which must 
be known are: (1) the flight altitude of 
the aircraft above the terrain, (2) the 
length of the foreshortened side of the 
object on the photograph, and (3) the dis- 
tance between the top of the object as it 
appears on the photograph and the center 
of the photograph. Refer to figure 4305 
for the development of the height-deter- 
mination formula. In the figure, H is the 
flight altitude above terrain, h is the 


height of the object, r is the distance from the top of the object image to photograph 
center, d is the length of the foreshortened image of the object, and f is the focal 


length of the aerial camera. 
By the geometry of the figure: 


(1) triangles LVC, ABO, and LV’a are similar, with angles a equal. 


(2) triangles LBO and Lba are similar. 


(A) From (1): 


Rut Dina: rh 
tan a== 7 =F oF D=—- 
(B) From (1) and (2): 
1) eet dH 
an et. or hey fe 
From (A) and (B): 
rh dH 
ay pep 
Therefore: rh=dH 
dH 


and 
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Thus, if the foreshortened image of a lighthouse appearing on a vertical aerial 
photograph (d) is measured as 0.08 inch, the distance on the photograph from the light- 
house top to the center of the photograph (r) is measured as 3.75 inches, and the 
flight altitude above terrain (H) is 3,750 feet, the height of the lighthouse is 

dH 3750 


4306. Oblique photography.—Oblique aerial photographs are obtained by tilting 
the optical axis of the camera from the vertical. The oblique camera has the advantage 
of being able to photograph vast areas in a single exposure. Oblique mapping photo- 
graphs are of two types: the high oblique, which shows the horizon line; and the low 
oblique, which does not show the horizon. Sometimes two high obliques are exposed 
in opposite directions simultaneously with a vertical, in order to provide photographic 
coverage from horizon to horizon, perpendicular to the line of flight. Although this 
method (named trimetrogon after the three metrogon lenses used in the camera sys- 
tem) of employing two obliques and one vertical photograph enables relatively rapid 
map compilation of large areas, the type of information obtained from obliques is 
adequate for only small-scale maps of a reconnaissance nature. The use of high oblique 
photos for mapping is more limited than that of verticals because the methods entailed 
are more time consuming and the results obtained are ordinarily less accurate. This is 
due to the perspective distortion of the oblique, and the masking of distant features by 
closer ones. 

Twin low-oblique photography is obtained with a twin-camera arrangement con- 
sisting of a pair of wide-angle precision aerial cameras coupled rigidly together. The 
optical axes of the two cameras lie in a common vertical plane and form an angle of 20° 
with a plumb line (assuming no tilt) and 40° with each other. 

4307. Maps from oblique photography.—High oblique photographs can be used 
for reconnaissance mapping, particularly in areas where the relief of the terrain is slight 
and the required map is essentially planimetric. Methods and instruments for use by 
trained personnel are available for extracting elevations from high obliques, but the 
procedure is involved, and will not be covered here. Transfer of planimetric detail 
from the oblique photograph to a map manuscript may be simply and effectively 
accomplished by a graphical process known as the perspective grid method. In basic 
principle, this method permits sketching of the linear detail (shore line, lakes, rivers, 
town lines, etc.) from a perspective grid at the picture plane to a rectangular grid at 
the map plane. For the reconnaissance study of unmapped flat areas, it is feasible for 
a nonphotogrammetrist to prepare his own base maps by this method, even using pictures 
taken by himself. It is required only that a distinct and regular horizon line should be 
visible on the photograph, and that certain basic factors be known, as explained in 
articles 4308 and 4309. 

4308. Construction of the perspective grid.—The perspective grid is drawn on a 
transparent medium which is positioned securely over the photograph. In the con- 
struction of the perspective grid, three factors are required: 

1. The altitude of the photographic aircraft. 

2. The focal length of the camera lens. 

3. The true, as distinguished from the apparent, depression angle of the photo- 
graph. This factor can be computed from measurements, as explained in step (7) 
below. 

The first consideration in construction of the perspective grid is the scale to use 
for the drawing; that is, the size the squares of the map grid are to be, and what distance 
on the ground each side of the square will represent. Suppose that the perspective 
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Figure 4308.—Construction of a perspective grid for a high oblique aerial photograph. 


grid shown in figure 4308 is to be drawn, and it is decided that the map grids are to be 
one inch square, and that each side of the square will represent 660 feet on the ground. 
Suppose, further, that H, the flight altitude, was 5,000 feet; that f, the focal length of 
the camera lens, is 5.216 inches; and that the photograph is seven inches by seven 
inches. The grid construction follows (shown to reduced scale in fig. 4308): 

(1) On the photograph, draw a line along the apparent horizon. 

(2) On the photograph, draw a line perpendicular to the apparent horizon and 
through the principal point (the center or point of intersection of the two diagonals, 
designated P), extending this line from one edge of the photograph to the opposite edge. 

These two lines are the only ones to be drawn on the photograph. 

(3) Lay the material to be used for the perspective grid over the photograph, and 
on it trace the two lines drawn on the photograph (steps (1) and (2)). 

(4) Measure the distance PH). Suppose this is three inches. 

(5) Compute the apparent depression angle by the formula: tangent of the ap- 


parent depression angle“ 1-3 0.57515, The angle having this tangent is 


29°54‘3, which is the angle of apparent depression. 

(6) Compute the dip (D) by: D in seconds—58.82 VH in feet. In the example, 
58.82 /5,000=4,159 seconds, or 1909/3. (In the Nautical Almanac, dip is now deter- 
mined by using 58.2 for the constant 58.82. The value 58.8 was formerly used for 
almanac dip tables. In this example, the use of 58.2 gives a dip of 1°08/6. With 
either value of D the answer to step (8) is the same. 

(7) Add the dip to the apparent depression angle, to obtain 6, the true depression 
angle: 29°54/3+1°09/3=—31°03'6. 

(8) Compute the distance from the principal point to the celestial horizon by: 
PH2=f tan 6=5.216 X0.60229—3.14 inches. 

(9) Scale this distance (3.14 inches) from P, along the principal line to 2, and 
draw the line V,A2V, through it, parallel to the apparent horizon. 

(10) The scale of the map grid has already been decided upon as being one inch= 
660 feet. Compute the distance from the celestial horizon to the front ground line 
at G, where one inch on the front ground line subtends 660 feet on the ground trace 


of the photograph, by the formula: HaGatt see = OTT _g ga eles 
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(11) Scale this distance (8.84 inches) from Hp, along the principal line to G, and 
draw D,GD, parallel to V;H2V>. 

(12) From G; in both directions along D,GD,, measure off one-inch divisions, and 
from these points draw lines through the vanishing point H> These are the meridian 
lines of the perspective grid (not geographic meridians). 

(13) Determine the vanishing points V,, V. for the diagonals, by the formula: 
H.V,=H2V.=f sec 02=5.216 X 1.16737 =6.09 inches. 


(14) Determine D,, D., by the formula: GD, = GD ay pg@=o 505.79 = 


PH; 3.14 
11.06 inches. 

(15) Draw the diagonals V,D, and V,D;. These lines will cross at P if the drawing 
and computations have been carefully done. 

(16) Draw a horizontal line through each intersection of a diagonal and a meridian 
line, as shown in figure 4308. 

(17) Lay out the limits of the photograph, and ink all lines within the photograph 
limits except the construction lines. 

4309. Use of the perspective grid.—Prepare a grid of one inch squares on a separate 
sheet of paper large enough to take the entire plottable area covered by the photograph. 
Superimpose the transparent perspective grid over the photograph in its proper position. 
By inspection, transfer the detail from the photograph to the square grid. This is 
illustrated in figures 4309a and 4309b. Figure 4309a represents a transparent perspec- 
tive grid, as if superimposed on a photograph showing a main shore line and offlying 
islands. Figure 4309b shows the transfer of the shore line and islands from the photo- 
graph to the plotting or map grid. The entire area of figure 4309a is not included, to 
permit a larger scale illustration. The scale of the map grid is one-third the scale of 
the perspective grid. 

4310. Terrestrial (ground) photography is comparable to shipboard photography, 
and both may be utilized in a similar manner. The principles of the perspective grid 
method previously described can be adapted for use with terrestrial photography. 
Another method of determining horizontal positions is to obtain two photographs of 
the same area taken from different camera stations. The positions of the camera 
stations must be known and the horizontal directions of the camera axis at the time of 
each exposure must be determined. The focal length of the camera must also be 
known. Where the reproduction is not at the same scale as the negative, the reduction 
or enlargement must be known so that the focal length value may be altered proportion- 
ately. Preferably, the celestial horizon should run through the principal point of the 
photographs and be parallel to the top and bottom margins. 

Place a sheet of transparent material over each photograph. Select the points 
(A, B, C, D, fig. 4310a) for which the positions are desired, making certain that all 
points are included in both photographs. Through each of these points and also P, 
the principal point (located by diagonals, as shown), draw a line perpendicular to the 
horizon. Near the bottom of each photograph draw a line (JK) parallel to the horizon, 
intersecting all vertical lines at right angles (A’, B’, CO’, D’, and P’). Extend vertical 
line PP’ (through the principal point), and from P’ measure off the focal length, P’S, 
locating the camera station, S. Connect point S with points A’, B’, C’, and D’. Next, 
place each overlay on the chart with its point S over the correct camera position, and 
line SP in the direction the camera was facing when the picture was taken. The 
location of point A on the chart is at the intersection of the two SA’ lines, extended 
if necessary. The other points are located similarly. 

If the position of the camera station for any photograph is unknown, it can be 
determined if there are several correctly positioned points on a chart that are readily 
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Figure 4309a.—Perspective grid as if superimposed upon a photograph. 


identifiable on the photograph. The procedure described above is applied to the 
single photograph, but using the identifiable points (fig. 4310b). The transparent 
overlay is positioned on the chart so that the radial lines pass through the corresponding 
points on the chart. The position of the camera station is thus determined by resection 
(art. 4116). 

4311. Photo-interpretation is the examination of photographic images of objects 
for the purpose of identifying the objects and deducing their significance. In identi- 
fying objects from their photographic images, the following characteristics should be 
considered: 

Shape relates to the general form, configuration, or outline of an individual object. 
The shape of an object appearing on a vertical photograph may differ widely from its 
shape when viewed from the ground. Because of this, a certain amount of practice 
and experience is necessary in order to make a reliable identification. 
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Figure 4309b.—Section of a map grid from the perspective grid of figure 4309a. 


The size of an object as compared with another object can be of invaluable assist- 
ance in determining the size of the second object. A truck on a road gives an idea of 
the width of the road. 

Pattern refers to the spatial arrangements of objects. Many objects, both natural 
and man-made, conform to certain repetitious patterns. For example, streams which 
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Figure 4310a.—Determination of horizontal positions from two photographs. 


branch and reunite in a braided pattern are readily distinguished from simple meander- 
ing streams. 

Tone refers to the shade of gray in which an object appears on a photograph. 
The tone of an object may differ on two adjacent photographs because the light is 
reflected back at different angles in different amounts. The image of smooth water 
may appear light on one photograph and dark on the next. Most roads are good 
reflectors of light over a wide angle and almost invariably appear as light lines on the 
photograph. 

Texture is the nature of the surface photographed, with particular reference to 
size and arrangement of individual units. For example, the photographic texture of 
the beach area on which an amphibious landing is contemplated may indicate the 
coarseness of particles composing the beach and, thereby, the ability of the beach to 
support military vehicles. 

Shadows frequently give the best indication of the profile view of an object, thus 
facilitating the identification of the object. Shadows will give an indication as to 
heights of trees and buildings, types of bridges and towers, and depth of cuts, quarries, 
etc. Frequently, it is possible to obtain some idea of the character of the relief from 
the shadows on a single photograph. 

Site is the location of an object in relation to its surroundings. It is important in 
the interpretation of both man-made and natural features. Many types of vegetation 


are confined to specific topographic sites such as swamps, stream banks, sandy flats, or 
rock knolls. 
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Figure 4310b.—Determination of camera station from one photograph. 


References 

American Society of Photogrammetry. Manual of Photogrammetry. 2nd ed, [Wash- 
ington, 1952.] 

McNeil, G. T. Photographic Measurements, Problems, and Solutions. New York, 
Pitman, 1954. 

U.S. Department of the Army.Map Reading.Field Manual FM 21-26.Washington, 1965. 

U. S. Departments of the Army, Navy, and Air Force. Cartographic Aerial Photog- 
raphy. Department of the Army Technical Manual TM 5-243. Department of 
the Navy Hydrographic Office Publication H.O. Pub. No. 595. Department of the 
Air Force Technical Order AFM 95-6. [Washington, U.S. Govt. Print. Off.] 1964. 

U. S. Departments of the Army, Navy, and Air Force. Photographic Interpretation 
Handbook. Department of the Army Technical Manual TM 30-245. Depart- 
ment of the Navy NAVAER 10-35-610. Department of the Air Force Manual 
AFM 200-50. Washington, U.S. Govt. Print. Off., 1954. 


CHAPTER XLIV 
PRODUCTION OF NAUTICAL CHARTS 


The Production of Charts 


4401. Introduction.—The nautical chart has become so reliable and readily avail- 
able that one unacquainted with the tremendous amount of material, labor, and time 
involved in its production might easily fail to appreciate the contribution made by 
charting agencies. So dependent has the mariner become upon this commonplace 
but important aid, that he generally considers it essential to safe navigation. 

The four preceding chapters describe briefly the collection of survey data. This 
chapter sets forth the basic techniques used in the production of nautical charts from 
survey data and other source material. The information is given so that the mariner 
might have a better understanding of his chart and its limitations. Thus equipped, he is 
capable of more effective, reliable navigation. Further, the mariner is an important 
source of data used in the production and correction of nautical charts. If he is familiar 
with the use made of these data, he can better evaluate the information which comes to 
his attention, and can forward it in form that will be of value to the charting agencies. 
With such information, these agencies can produce more accurate charts of greater 
usefulness to the mariner. 

4402. Federal charting agencies.—The U. S. Navy Hydrographic Office has 
responsibility for producing and maintaining nautical charts of any area of interest 
to the United States Navy or merchant marine which is not the responsibility of other 
U. S. charting agencies. The U. S. Coast and Geodetic Survey, of the Department 
of Commerce, has responsibility for charting the coastal waters of the United States 
and its territories and possessions. The U.S. Lake Survey, of the U. S. Army Corps 
of Engineers, has similar responsibilities for the Great Lakes. Consequently, the 
Hydrographic Office limits its activities to foreign waters and the high seas, except in 
time of war or national emergency. Under these circumstances, charting activities 
would be carried out under a coordinated program. 

The charting activities of these agencies seek to provide maximum navigational 
safety and facility to vessels of the United States Navy and merchant marine. They 
keep informed of new navigational requirements, and utilize the latest developments 
in the production of charts. Many new methods and instruments originate with these 
agencies. 

While the information given in this chapter relates primarily to the methods, tech- 
niques, etc., of the U. S. Navy Hydrographic Office, it applies, with minor variations, 
to those in use by the U. 8S. Coast and Geodetic Survey and other charting organiza- 
tions, both domestic and foreign. 

4403. Improvements in charts.—The nautical chart has kept pace with the latest 
developments in the field of marine transportation and navigation. Special-purpose 
nautical charts have been produced to satisfy specific navigational requirements, such 
as those of loran and radar. New or improved developments in electronic positioning 
systems, magnetic observations, and aerial photographic coastal and topographic 
delineations are some of the factors instrumental in improved chart accuracy. 
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Presentation of data is planned to conform with standard specifications which 
have been established by U. S. Government charting agencies and the International 
Hydrographic Bureau, located in the Principality of Monaco. This organization, 
established in 1921, is composed of more than 30 of the leading maritime nations of the 
world. Its purpose is to promote international agreement in the form of nautical 
charts and publications, and to effect collaboration in the common task of collecting and 
disseminating hydrographic information. Adoption of chart standards and the prac- 
tice of exchanging cartographic information and techniques among various agencies 
and scientific and professional societies have aided materially in improving the nautical 
chart. Some of the prominent innovations which have improved the appearance 
and utility of the nautical chart are the following: use of colors to accentuate naviga- 
tional hazards, revision and simplification of typography for improved legibility, use 
of tint shading in combination with contours to give a pictorial presentation of relief. 
The transition in presentation has been gradual, with convenience to the chart user 
being constantly kept in mind. 

4404. Sources of chart data.—The preferred source of data used in the construc- 
tion of nautical charts is the hydrographic survey (ch. XLI). The completed survey 
usually covers more extensive areas than the charts because of chart size limitations 
and the absence of chart requirements in areas without special naval or economic 
significance. However, hydrographic survey plans generally include a proposed chart 
layout to insure sufficient detail at suitable scale in potential chart areas. 

In addition to surveys, chart data are collected from many other sources. Foreign 
data, the main source for U. S. Navy Hydrographic Office nautical charts, are col- 
lected in published chart form on a continuing basis under exchange agreements with 
member states of the International Hydrographic Bureau and with other maritime 
countries. Various government agencies, engineering firms, educational institutions, 
and private individual sources furnish documented information which is incorporated 
into nautical charts. Each week, the Hydrographic Office receives more than 400 
documents which are evaluated for use in preparing charts and publications. The 
published chart does not outwardly reflect the amount of information which is screened 
during its construction. The following list of source material is representative of the 
type from which useful information is obtained: 

Surveys and charts of the United States and foreign countries (hydrographic data). 

Maps (transportation, topography, planimetry, and communications data). 

Periodicals, travel folders, atlases, and gazetteers (place names, town plans, and 

descriptive data). 

Photographs (aerial mapping and others). 

Mariners’ reports of port facilities and other miscellaneous information (harbor and 

dock construction work, conspicuous aids and dangers to navigation, etc.). 

Sketches (used to verify and amplify other information). 

Notice to Mariners (navigational data). 

4405. Chart production methods.—Four common methods of producing nautical 
charts are in use at the U. S. Navy Hydrographic Office: construction of the chart 
from modern U. S. Navy surveys; production of the chart from a compilation mosaic 
(art. 4416), based upon numerous foreign charts; redraft of an existing foreign chart; 
and facsimile reproduction of an existing foreign chart. The last method is employed 
only in emergencies, and the facsimile is not sold to the public. A fifth method of in- 
creasing popularity is the modified facsimile reproduction of foreign charts (based 
upon bilateral agreement), which are sold as H.O. charts. 

Copper engraving of nautical charts is no longer carried on by the U. S. Navy 
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Hydrographic Office, having been replaced by methods considered more economical. 
Plastic engraving (engraving on plastic) of the chart original, recently introduced, is a 
promising source of further reduction in time and cost. 

Photolithography is the principal chart reproduction method used. Negatives are 
made on glass, film, or plastic, with reproduction plates of zinc or aluminum. 

4406. Chart terminology.—The following terminology is in use at the U. S. Navy 
Hydrographic Office: 

New chart. A chart published for the first time, covering an area not previously 
charted at the same scale by the same organization. 

New edition. A chart incorporating corrections too numerous or extensive to be 
reported in Notice to Mariners. A new edition makes previous printings obsolete. 

Corrected (New) print. A chart incorporating corrections which have been 
published in Notice to Mariners, and other information of insufficient importance to 
justify a new edition. Chart dates are discussed in article 506. 

Reprint. A chart reprinted without any corrections or changes. 

Field chart. A chart published on board a survey vessel, and reprinted by the 
Hydrographic Office. It is identified by the letter ‘“F” preceding the chart number. 

Chartlet. A graphic supplement to Notice to Mariners of corrections which are too 
extensive for the narrative version. 

Proof. A copy of a chart made prior to release for final processing. Photo proofs 
are made from negatives. Litho proofs are made from the printing plates, in any desired 
color. A composite proof is a combined proof of more than one color plate. A watercote 
is a composite proof, in color, from negatives. 

Withdrawal. A chart removed temporarily from issue with the intention of re- 
placement or reissue at a future date. All copies are destroyed, except standards for 
record purposes. The printing plates may either be retained or destroyed. 

Cancellation. A chart permanently removed from issue. All copies and printing 
plates are destroyed, except standard copies for historical purposes. 

Discontinuance. Removal from issue of a reproduction of a foreign chart. 


Elements of Chart Construction 


4407. Drafting instruments.—The ordinary drafting instruments are employed in 
making charts. In addition, the following have proved useful in compilation and 
drafting of a nautical chart: 

Pantograph (fig. 4407a), a parallelogram-linkage device for reproducing a drawing 
at a different scale. A pantograver, a pantograph which corrects for distortion due to 
unequal expansion or contraction of the paper of the source material, is used by the 
U.S. Navy Hydrographic Office to make corrections on wet (glass) plates. 

Projection-ruling machine (fig. 4407b), a device for drawing the meridians and 
parallels of a map projection. 

Vertical projector (fig. 4407c), a device for projecting a vertical aerial photograph 
(arts. 4302-4305), drawing, or other chart onto a work table at any scale between speci- 
fied limits, so that details can be traced onto a map manuscript (art. 4303). The pro- 
jector shown is portable, stands 74 inches high when the movable carriage is at the top 
of its travel, and provides for any scale from % to 3% times the original. 

Light table, a table with a glass top over a light source, to facilitate inspection by 
direct comparison of different charts of the same scale, and the tracing of a drawing at 
the same scale. Light tables are available in a variety of sizes and shapes. They may 
be part of another device, as shown in figure 4407b, or separate. A portable version 
requiring a table or desk for support is called a light box. 
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Figure 4407a.—A suspended pantograph. 


Three-arm protractor (fig. 4011c), a device for plotting a position from horizontal 
sextant angles. 

Proportional dividers (fig. 4011d), a device for transferring distances at a different 
scale. 

Spacing dividers (fig. 4011e), a device for dividing a length into equal segments. 

Beam compasses (fig. 4011b), a device for drawing circles of large radius, or meas- 
uring distances too great for ordinary compasses or dividers. 


Figure 4407b.—Projection-ruling machine. 1. Metric bar scale(s), subdivisions in millimeters. 2. 
Power supply to illuminate light table and microscopes for reading metric bar scales. 3. Metal 
spline—can be set to rule straight or curved lines. 4. Gear tracks for carriage (s) to travel on. 
5. Microscope for reading metric bar scales. 6. Dials for setting curvature in metal spline. 7. 
Ruling pen carriage. 8. Ruling pen. 9. Fluorescent light. 10. Transparent glass table top 
(light table). 11. Rectangular (X—Y) coordinate plotting device. 12. Microscope for reading 


scale on movable plate. 
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Ficure 4407c.—Portable vertical projector. 


Road pen (fig. 4407d), a device with a double pen, to permit drawing of two 
curved lines with constant distance between them. 

Plastic splines, long narrow strips of plastic material, which can be bent into a 
large variety of curves, to form a pen guide for drawing curved lines. 

Border-scale subdividing device (fig. 4407e), a mechanical device for drawing 
equal subdivisions of a border (latitude and longitude) or similar scale. The illustra- 
tion shows: A, a steel straightedge 60 inches long which is secured, by weights or clamps, 
parallel to the inside border or neat line of the chart ; B, steel divider plate, one of 12 
plates measuring 9 4X \%, inches and cut. with deep, diverging grooves; C, steel triangle 
to be placed with its base against the divider plate; D, clamp screws for securing the 
divider plate to the straightedge; E, knob for controlling a screw to move the divider 
point toward or away from the straightedge; F, divider point, which rests in the grooves 
of the divider plate; and G, a set screw to prevent creeping of the divider point. When 
the device is set up, the divider point is set so that the distance between consecutive 
grooves is the required distance between graduations of the scale. For a variable scale 
such as that for latitude on a Mercator chart, this setting must be changed periodically 
for accurate results. 


Diagonal metric scale (fig. 4011a), a device for measuring distances in metric scale 
units. 
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4408. Drawing material.—The draw- 
ings for a nautical chart should be made 
on a dimensionally stable drafting medium 
for maximum accuracy. Plastics, “Duco” 
plate, and metal-laminated paper, all have 
minimum distortion qualities and good 
inking surfaces. The vinyl resins, intro- 
duced in the United States in 1928, are 
among the more recent materials receiving 
widespread use. Plastics, known under 
many trade names, are produced in 
opaque, transparent, and _ translucent 
sheets. The “Duco” plate is a grained 
zine lithographic printing plate, sprayed 
with a good grade of enamel paint, which 
produces a good drafting surface. Metal- 
laminated paper is produced by mounting 
a good grade of drawing paper (Bristol 
board) on a metal plate, using an adhesive 
and pressure. The metal plate used is 
normally a zine or aluminum lithographic 
printing plate. Use of this type of draw- 
ing medium has lost much of its popularity 
since the introduction of plastics. 

4409. Reduction methods.—Source 
material at the same or larger scale as the 
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Figure 4407d.—Swivel road pen in contour 
penholder. 


compilation manuscript is frequently employed in cartography. This practice avoids 
inaccuracies which might be introduced in enlarging smaller scale data to the scale of 


the compilation. 


The four principal methods of reduction are by camera, projector, 


Figure 4407e.—Border-scale subdividing device. 
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FigurE 4409.—The ‘diagonal square’”’ method of sketch plotting. 


pantograph, or ‘“‘diagonal squares.’”” The camera method is the most accurate and is 
preferred when reduction is the only consideration. In this method the source material 
is photographed to the desired scale. The projector (fig. 4407c) and pantograph (fig. 
4407a) are used when the work is not extensive, and some alterations are to be made. 
The ‘diagonal square’ method is used to ‘“sketch-plot” data from one scale or pro- 
jection to another, for example shore line data from a Mercator chart replotted onto a 
gnomonic or an azimuthal equidistant projection. This method, similar to the per- 
spective grid method of photogrammetry (art. 4309), is illustrated in figure 4409. 

4410. Datums.—As explained in chapter XLI, each survey has an “origin,” and 
geographic coordinates of other points are determined with reference to this control 
point. In some regions, a single origin has been used as control for an extensive area. 
A system of control points established with reference to a single origin is called a datum 
(plural in this usage is datums, not data), and given an identifying name. Examples 
are the North American Datum of 1927, Tokyo Datum, Nahrwan Datum, and the 
Kelienphur Datum. Since each origin was determined independently, coordinates 
determined with reference to one datum will not agree with coordinates of the same 
point determined with reference to a second datum. Normally, there is no confusion 
because various points are generally defined with reference to a single datum, which 
is used for the entire area. The limits of a given datum are usually defined by some 
natural barrier such as an ocean, uninhabited area, etc., so that transitions do not 
generally occur at a troublesome place. Occasionally, political boundaries of adjacent 
countries prevent the establishment of geographic coordinate agreement at common 
stations. 

A datum which controls geographic positions of points on the earth is called a 
horizontal datum to distinguish it from a reference level for heights and depths, called 
a vertical datum. For depths, the reference level found to be most realistic for measur- 
ing the height of tide is used for charts. This varies in different parts of the world, 
as indicated in appendix M. This reference level is sometimes referred to as the chart 
datum. In nearly all instances it is some form of low water. Heights are nearly 
always indicated with reference to mean sea level or high water. Therefore, two differ- 
ent vertical datums are generally used for the same chart. 
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When the information is available, both horizontal and vertical datums are in- 
dicated in the chart legend. If a chart extends over more than one datum, it is normally 
of such small scale that differences between datums are not of significance. 

4411. Borders and scales.—Selection of the border style to use depends primarily 
upon the scale of the chart, but consistency with other charts in the vicinity is a factor. 
In general, some form of plan border (fig. 4411a) is used for charts of scale larger than 
1:50,000; and a scale border (fig. 4411a) for charts of smaller scale. 

On large-scale charts, graphic scales are usually added. On recent charts with 
plan borders, yard scales are placed along the right and left sides, and both kilometer 
and nautical mile scales at the top. On charts with scale borders, and older plan border 
charts, graphic scales are shown at a convenient location inside the border. When this 


PAIN On DE RES 


$$ 


Al’ 45” 30” 15” 24°40’ 55” 


44' 43’ 42’ 30” 41’ 8°40’ 39" 38' 
a 


15" 42! 45" 30” 15” AA? 45" 30" 15" 4o' 45" 30" 15" 39’ 


2 a A 


SCALE BORDERS 


Figure 4411a.—Border styles. 
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Figure 4411b.—Typical graphic scales. 


is done, a nautical mile scale is given first, followed by a yard scale and a meter scale. 
The number of yards and meters shown is dependent upon the amount of space avail- 
able, the scale of the chart, and the overall size of the chart. Figure 4411b illustrates 
typical graphic scales. 

4412. Charted details——The standard symbols and abbreviations which have 
been approved for use on nautical charts published by the United States of America 
are shown in appendix K. These are in substantial agreement with the recommenda- 
tions of the International Hydrographic Bureau. From time to time changes in the 
standards are made to keep pace with changing requirements. 

Topographic data are normally obtained from aerial photogrammetric compila- 
tions, surveys, and existing maps and charts. 

Depths are indicated by soundings or explanatory notes. Only a small percentage 
of the soundings obtained in a hydrographic survey can be shown on a nautical chart. 
The least depths are generally selected first, and a pattern built around them to provide 
a representative indication of bottom relief. In shallow water, soundings may be 
spaced 0.2 to 0.4 inch apart. The spacing is gradually increased as water deepens, until 
a spacing of 0.8 to 1.0 inch is reached in deeper waters offshore. Where a sufficient 
number of soundings are available to permit adequate interpretation, depth curves 
are drawn in at 1-, 3-, 6-, 10-, 20-, 30-, 50-, and 100-fathom depths. Other features 
are shown as indicated in chapter V and appendix K. 

Aids to navigation are shown by symbol and legend, as indicated in chapter V and 
appendix K. 

Place names are given according to sources and decisions recommended by the 
United States Board on Geographic Names. The general policy is to use the local 
source. Foreign names are used in foreign areas. Generally, international features 
such as the Gulf of Mexico or a river that flows through several countries (for instance, 
the Danube) are given the commonly accepted English name. The names of countries 
are also given in English. When appropriate, the English equivalents of foreign terms 
are shown in a glossary on the chart. 

All letters and numbers shown on a chart are printed on sheets of cellulose acetate 
or white paper, backed with a suitable adhesive which adheres to the drafting material 
when pressed into place. This practice promotes uniformity and legibility. Various 
type styles are used to distinguish between different kinds of features and to provide 
a pleasing appearance. 

Notes are used to convey information which does not lend itself to convenient 
symbolization. 
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Compass roses are placed where they are readily available for use, yet obscure a 
minimum of chart information. The number, size, and location are suited to the 
individual chart. 

The chart title is placed at a location that Will result in minimum loss of chart 
information, preferably on land and in one of the corners. 

The official seal of the charting agency is generally placed above the chart title. 

The chart number is placed at several convenient locations in the margin. When 
a chart is cancelled, its number is not reassigned to another chart for several years. 
When a series of charts is planned, a block of numbers is reserved to provide continuity 
throughout the series. 

When a chart is prepared by a government charting agency, and printed by a 
different government agency or commercial printing establishment; or if a government 
charting agency prints a chart for another office or department of the government, a 
suitable imprint note is placed in the bottom margin. 


From Requirement to Printed Chart 


4413. Requirement.—A new or altered chart comes into being as a result of 
recognition of a requirement. This requirement may be established by the charting 
agency itself, from its continual review of existing charts, the receipt of new information, 
and the needs of operating units; or it may originate with the operating forces or mili- 
tary planners. Whatever its source, the requirement precedes all other steps in the 
production of the chart. 

4414. Estimate of the situation—Having recognized the requirement, the 
charting agency having jurisdiction then studies the situation to determine priority and 
availability of source information. The intended use, required scale, and urgency 
are considered in selecting the chart production method (art. 4405). 

If a survey is needed, the type, extent, and thoroughness are determined according 
to the availability of survey vessels, personnel, and other pertinent factors. A thorough 
hydrographic survey is a slow and costly process. If it must be preceded by geodetic 
control or aerial photographic surveys, the time and expense are increased. Several 
weeks may be needed to thoroughly survey a single harbor of moderate size. Survey 
operations are generally planned on a long-range basis to provide adequate coverage for 
an entire area once operations have begun. In time of war or national emergency, such 
plans may have to be abandoned and survey ships sent into forward areas. During 
World War II, survey ships went into the Pacific with the fleet, and it was not uncom- 
mon for survey parties to be in operation on shore before fighting had ceased. To 
meet urgent requirements, the larger survey ships were provided with drafting and 
printing facilities so that charts could be produced almost as soon as the data were 
collected. In time of peace such urgency is not generally required. 

4415. Research and planning.—Before construction of a chart begins, all available 
data are investigated and evaluated. All details of the chart are planned, and specifica- 
tions and procedures are prepared. The best sources of data are recommended. The 
area is selected to provide maximum usefulness consistent with limitations imposed by 
scale, size of sheets that can be accommodated by the printing press, land and water 
configuration, etc. The use expected to be made of the chart is an important con- 
sideration. Port and harbor charts normally portray the most important hydrographic 
region centered on the sheet, while approach charts embrace maximum sea room and 
only a limited amount of land area, sufficient to include the prominent features of naviga- 
tional value. Care is exercised to avoid omission of important aids to navigation, river 
entrances, channels, etc. This often results in some overlapping of adjoining charts. 
The extent of adequate survey and other compilation data are also considerations. 
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The chart projection is selected to meet the requirements. Nearly all nautical charts 
are on the Mercator projection, but the gnomonic, Lambert conformal, and other 
projections are used for special-purpose charts. This subject is further discussed in 
chapters III, V, and XXV. } 

4416. Compilation.—From the recommended sources, the compiler selects the 
data to be used. The task of determining what to include and what to omit may be 
of considerable magnitude, particularly when some of the information is inconsistent 
or of questionable reliability. The skill and wisdom with which this assignment is 
filled has a direct bearing upon the value of the completed chart. 

Various methods of compilation are in use depending upon the amount and nature 
of the data. When most of it comes from published charts, the compiler may prepare 
a film positive compilation mosaic. To do this he computes and drafts the graticule 
(latitude and longitude lines for the map projection used) and plots the control points 
at their correct positions. The source material is photographed to the scale of the 
chart, and film positives are provided. These are secured to the graticule in their 
proper geographic positions. If necessary, the film positives are cut into small pieces, 
so that errors in positions of distorted features can be proportionately distributed be- 
tween control points. Deletions and corrections are then made, and broken lines are 
connected. 

The compilation is carefully reviewed for completeness and accuracy before a 
contact negative is made. Black-line paper prints are made for specification sheets, 
and light blue-line plastic prints for drafting. The blue-line prints are made on stable 
plastic material so that drafting can be done directly on the print. Since light blue 
does not photograph, only those features inked in black will appear on the negative to 
be made of each finished drawing for chart reproduction. The black-line prints are 
used to indicate which items to include on the finished drawing. Generally, separate 
prints are used for indicating topographic and cultural features, hydrographic features, 
type faces and sizes, and approved geographic names. 

4417. Drafting of the chart original is done on a medium having minimum dis- 
tortion qualities. The graticule and borders are drawn first, followed by planimetric 
(horizontal) detail, and then relief. Next, the lettering is added. The chart title, 
notes, etc., are added last, so they will not interfere with charted features. 

A separate drawing is made for black and for each color to be shown on the chart. 
The use of several draftsmen on the same chart permits the work on the various draw- 
ings to go forward simultaneously and makes better use of the difference in experience 
and skill of the various draftsmen. The preparation of the chart originals for a single 
chart may require several months of continuous drafting. 

4418. Review and edit——When drafting has been completed, the chart original is 
reviewed by an experienced cartographer. He carefully checks every detail for accu- 
racy, and consults the latest Notice to Mariners and all other sources, to be certain 
that nothing that should be charted has been omitted, and that the latest data have 
been used. Any corrections to be made are indicated on a transparent overlay which 
is returned with the chart original to the draftsman for action. 

When all corrections have been made and checked, the chart original goes to a 
chart editor. Here it is checked to see that the line work is sharp and clear, the type 
is securely fastened, and that all work is in accordance with established standards. 
Another check is made to be sure that the latest and most complete information has 
been used. 

When the chart editor is satisfied that the chart original meets the foregoing re- 
quirements and is safe for navigation, he releases it for reproduction. The various steps 
in preparing a chart original by the mosaic process are shown in figure 4418. 
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CONSTRUCTION OF A NAUTICAL CHART 
INFORMATION SOURCES 


Surveys 


Geodetic control survey, hydro- 
graphic survey, limited surveys. 


RESEARCH & PLANNING 


Available data evaluated, and best 
sources recommended. Specifica- 
tions prepared and procedures 
designated. 


Aerial Photography 
Compilations from aerial photogra- 
phy, liaison for data from other U.S. 


vernment charting agencies COMPILATION PHOTOGRAPHY 


Data selected from: recommended Film positives made to scale from 
sources. Layout, film positive compilation data. From mosaic a 
mosaic, guide sheets, titles, notes, blue-line plastic is made, on which 
etc. prepared. Hydrographic fea- the chart original will be drafted. 


tures and type sizes selected. Photo prints furnished for guides. 


Foreign Sources 

Foreign surveys & charts, charts 
& scientific data on exchange 
agreements. 


REVIEW 


Film positive mosaic reviewed 
prior to photography and prepara- 
tion of compilation guides. Blue- 
line plastic and guides forwarded 
to Drafting. Drawn chart original 
given final review. Late data 
checked and added. 


DRAFTING 


Chart original drafted on blue-line 
plastic. This includes inking and 
stickup of lettering and soundings. 


Publications 


Notices to Mariners, Light Lists, 
Radio Navigational Aids. 


EDITING PHOTOLITHOGRAPHY 
Production of the printed chart. 


Miscellaneous Final chart original edited for 


Periodicals, travel booklets, plans, conformance to standards. Chart 
sketches, etc. Data from private approved for navigational safety . 
corporations i.e. petrol | steam- Chart released for reproduction. 


ship, mapping companies, etc. 


See figure 4419. 


Figure 4418.—Flow of work in the construction of a nautical chart by the mosaic method. 


4419. Reproduction.—Three basic processes of reproduction (printing) are in use 
commercially: letterpress prints directly from raised type or other image; gravure 
prints directly from a depressed image; and lithography prints indirectly (by offset) 
from a surface that is neither raised nor depressed, operating on the principle of the 
mutual repulsion of grease and water. The lithographic printing plate has a grease 
image which is receptive to greasy ink, and a nonprinting portion which is receptive to 
water. Charts are usually reproduced by photolithography, which uses photography in 
the preparation of the lithographic plates. The essential steps in the reproduction of a 
chart by this process are shown in figure 4419. 

In this process, the results of each step are checked carefully. A chart editor edits 
black photo proofs made from the negatives, and color litho proofs made from the 
plates. During printing, a continual check is made by the pressman to insure uni- 
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PHOTOLITHOGRAPHIC PROCESSING OF A NAUTICAL CHART 


CHART ‘ORIGINAL 


In chart making, the copy is known as the 
chart original. This original may be either a 
drawn or engraved chart. After approval by 
the chart editor it is sent to the Lithographic 
Division to be processed for reproduction by 
photolithography. 


PHOTOGRAPHY 


Photography is done by a camera equipped 
with lights, movable lens, a movable copy holder, 
and a camera back that supports the photo 
plates. The dark room type of camera is pre- 
ferred for chart reproduction work. The copy is 
mounted and the proper exposure settings deter- 
mined. The camera is focused, copy illuminated, 
and the exposure made. 


PHOTO FINISHING 


After exposure, the photo-sensitive material 
is processed. Normally, nautical charts are 
Photographed on a glass negative (wet plate 
process). Film or plastic negatives are also 
used. Procedure, emulsion, and developer used 
depends upon the type of negative being made. 


OPAQUING & RETOUCHING 


(NEGATIVE ENGRAVING) 


Imperfections which are not part of the image 
are opaqued. Then the negative engravers re- 
store or improve line work, lettering, and make 
late additions and corrections. The negative is 
is next placed into a printing frame with the 
press plate for exposure. 


PLATE GRAINING 


Metal plates such as zinc or aluminum are 
grained to give the surface a matte finish. The 
tiny depressions produced by graining the sur- 
face act as reservoirs to hold the coating and 
the dampening fluid (water). For economy, 
prepared grained plates are stored in large quan- 
tities suitable for immediate use. 


Zz 


PLATE COATING 


The coating operation is done in a whirler. It 
has many variables such as grain texture, 
whirler speed, drying heat, and fluidity of the 
coating material. These variables affect coating 
thickness, which is critical to the quality of the 


finished plate. 


PRINTING FRAME 


Photo mechanical plates are exposed in a 
vacuum printing frame. The coated press plate 
is held firmly in contact with the negative by 
creating and maintaining a vacuum. It is then 
exposed to light which passes through the nega- 
tive image onto the light sensitive press plate. 


PLATE PROCESSING 


After exposure, the plate is developed by rub- 
bing it up with a developing ink. A solution of 
ammonia and water is then used to wash and 
flush away the unexposed albumen, leaving only 
the positive image of the chart on the plate. 


PLATE TRANSFER 


As received, the plate is sensitive to grease and 
additions or corrections can be made on it by 
drafting or hand transfer. The plate is then 
given a desensitizing treatment making the non- 
printing area no longer Teceptive to grease. 
Then it is treated with an asphaltum base to 
protect the image. 


PRESS 


The rotary offset press is widely used in print- 
ing charts. Printing from a plate to a blanket 
which in turn offsets the image onto the paper 
gives this press its name. The basic parts area 
plate cylinder, blanket cylinder, impression cylin- 
der, ink reservoir, and water fountain. Multicol- 
ored presses print several colors in one operation. 


Figure 4419.—Flow of work in the photolithographic processing of a nautical chart. 


formity of impressions and accurate “Tegister” (each color being printed at the correct 
place on the chart). The highest standards possible are maintained throughout the 
entire operation. 

When printing is completed, the plates are removed from the cylinders, cleaned, 
and the image side given a protective coating of soluble gum arabic and asphaltum. 
The plates are then stored in vertical racks. The glass negatives have already been 
stored. A photographic duplicate of the chart original may have been made, and the 
original and a copy stored at separate locations for possible future use. 
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4420. Chart record.—A record of each chart is maintained to provide a history, 
from the authorization of its first edition to the date of the last action, perhaps many 
editions and printings later. The record accompanies the chart original throughout 
production, with appropriate entries being made as it progresses through the various 
steps. Included in the record are such data as sources of information used, method of 
construction, the map projection graticule computation, geodetic control used, and 
decisions rendered. 

A well-written chart record is valuable in the prevention of duplicative effort. 
Also, it is the medium through which research is conducted when questions arise as to 
why certain data were shown on or removed from any issue of the chart. 
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APPENDIX A 
ABBREVIATIONS AND SYMBOLS 


A more complete listing of abbreviations and symbols is given in H.O. Pub. No. 
220, Navigation Dictionary, of which this is an abridgment. 


A, amplitude; augmentation; away (alti- 

tude difference). 

a, altitude difference (Ho~Hc); altitude 
factor (change of altitude in one minute 
of time from meridian transit) ; assumed. 

a, first Polaris correction. 

a, second Polaris correction. 

a2, third Polaris correction. 

AC, alternating current. 

add’I, additional. 

AF, audio frequency. 

aL, assumed latitude. 

AM, amplitude modulation. 

AM, ante meridian (before noon). 

antilog, antilogarithm. 

AP, assumed position. 

approx., approximate, approximately. 

AU, astronomical unit. 

a), assumed longitude. 

B, atmospheric pressure correction (alti- 
tude); bearing, bearing angle. 

Ba, difference between heading and ap- 
parent wind direction. 

Bn, bearing (as distinguished from bearing 
angle). 

Bpge, bearing per gyro compass. 

Br, difference between heading and true 
wind direction. 

C, acceleration correction (altitude); 
Celsius (centigrade) ; chronometer time; 
compass (direction); correction; course, 
course angle. 

CB, compass bearing. 

CC, compass course. 

CCU, chart comparison unit. 

CE, chronometer error; compass error. 

CH, compass heading. 

cm, centimeter, centimeters. 

Cn, course (as distinguished from course 
angle). 


co-, the complement of (90° minus). 

colog, cologarithm. 

corr., correction. 

cos, cosine. 

cot, cotangent. 

cov, coversine. 

Cpge, course per gyro compass. 

cps, cycles per second. 

csc, cosecant. 

CW, continuous wave. 

CZn, compass azimuth. 

D, deviation; dip (of horizon); distance. 

d, declination (astronomical); difference. 

d, declination change in one hour. 

DC, direct current. 

dec., declination. 

Dev., deviation. 

DG, degaussing. 

diff., difference. 

dist., distance. 

DLo, difference of longitude (arc units). 

DR, dead reckoning, dead reckoning 
position. 

DRE, dead reckoning equipment. 

DRM, direction of relative movement. 

DRT, dead reckoning tracer. 

D,, dip short of horizon. 

dur., duration. 

dd, difference of longitude (time units). 

E, east. 

e, base of Naperian logarithms. 

e, eccentricity. 

EHF, extremely high frequency. 

EP, estimated position. 

EPI, electronic position indicator. 

Eq.T, equation of time. 

ETA, estimated time of arrival. 

F, Fahrenheit; fast; longitude factor; 
phase correction (altitude). 

f, latitude factor. 
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FM, frequency modulation. 

ft., foot, feet. 

G, Greenwich, Greenwich meridian (up- 
per branch); grid (direction). 

g, acceleration due to gravity; Greenwich 
meridian (lower branch). 

GAT, Greenwich apparent time. 

GB, grid bearing. 

GC, grid course. 

GE, gyro error. 

GH, grid heading. 

GHA, Greenwich hour angle. 

GMT, Greenwich mean time. 

GP, geographical position. 

Gr., Greenwich. 

GST, Greenwich sidereal time. 

GV, grid variation. 

GZn, grid azimuth. 

H, high (loran PRR); horizontal inten- 
sity of earth’s magnetic field; sea tilt 
correction (altitude). 

h, altitude (astronomical); height above 
sea level. 

ha, approximate altitude. 

hav, haversine. 

He, computed altitude. 

Hdg., heading. 

HE, heeling error; height of eye. 

HF, high frequency. 

HHW, higher high water. 

HLW, higher low water. 

H.O., Hydrographic Office. 

Ho, observed altitude. 

HP, horizontal parallax. 

Hp, precomputed altitude. 

Hpgc, heading per gyro compass. 

hr, rectified altitude. 

hr., hour. 

hrs., hours. 

hs, sextant altitude. 

ht, tabulated altitude. 

HW, high water. 

I, dip (magnetic); instrument correction. 

IC, index correction. 

in., inch, inches. 

int., interval. 

ISLW, Indian spring low water. 

J, irradiation correction (altitude). 

K, Kelvin (temperature) ; constant of the 
cone; constant proportional to required 
length of Flinders bar. 
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ke, kilocycle, kilocycles; kilocycles per 
second. 

km, kilometer, kilometers. 

kme, kilomegacycle, kilomegacycles; kilo- 
megacycles per second. 

kn., knot, knots. 

L, latitude; low (loran PRR); lower limb 
correction for moon (from Nautical 
Almanac) ; wave length (water). 

I, difference of latitude; logarithm, loga- 
rithmic. 

LAN, local apparent noon. 

LAT, local apparent time. 

lat., latitude. 

LF, low frequency. 

LHA, local hour angle. 

LHW, lower high water. 

LL, lower limb. 

LLW, lower low water. 

Lm, middle latitude. 

LMT, local mean time. 

log, logarithm, logarithmic. 

loge, natural logarithm (to the base e). 

login, common logarithm (to the base 10). 

long., longitude. 

LST, local sidereal time. 

LW, low water. 

M, celestial body; meridian (upper 
branch); magnetic (direction); me- 
ridional parts; nautical mile, miles. 

m, meridian (lower branch); meridional 
difference (M:~Mz2); meter, meters; 
statute mile, miles. 

mag., magnetic; magnitude. 

MB, magnetic bearing. 

mb, millibar, millibars. 

MC, magnetic course. 

mc, megacycle, megacycles; megacycles 
per second. 

MF, medium frequency. 

MH, magnetic heading. 

MHHW, mean higher high water. 

MHW, mean high water. 

MHWN, mean high water neaps. 

MHWS, mean high water springs. 

mi., mile, miles. 

mid, middle. 

min., minute, minutes. 

MLLW, mean lower low water. 

MLW, mean low water. 

MLWN, mean low water neaps. 
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MLWS, mean low water springs. 

mm, millimeter. 

mo., month. 

mos., months. 

mph, miles (statute) per hour. 

MPP, most probable position. 

MSL, mean sea level. 

MZn, magnetic azimuth. 

N, north; tilt correction (altitude). 

n, natural (trigonometric function). 

Na, nadir. 

P, atmospheric pressure; parallax; planet; 
pole; wave period (water). 

p, departure, polar distance. 

PC, personal correction. 

pge, per gyro compass. 

P in A, parallax in altitude. 

PM, pulse modulation. 

PM, post meridian (after noon). 

Pn, north pole; north celestial pole. 

PPI, plan position indicator. 

PRR, pulse repetition rate. 

Ps, south pole; south celestial pole. 

psc, per standard compass. 

p stg c, per steering compass. 

Pub., publication. 

PV, prime vertical. 

Q, Polaris correction (Air Almanac). 

QQ’, celestial equator. 

R, Rankine (temperature) ; refraction. 

RA, right ascension. 

rad, radian, radians. 

RAR, radio acoustic ranging. 

Ra. Ref., radar reflector. 

RB, relative bearing. 

R Bn, radiobeacon. 

RDF, radio direction finder. 

rev., reversed. 

RF, radio frequency. 

R Fix, running fix. 

RZn, relative azimuth. 

S, sea-air temperature difference correc- 
tion (altitude); slow; south; special 
(loran PRR); speed. 

s, 4 (h+L+p); standard deviation. 

Sa, speed of apparent wind in units of 
ship’s speed. 

SD, semidiameter. 

sec, secant. 

sec., second, seconds. 

semidur., semiduration. 
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SH, ship’s head (heading). 

SHA, sidereal hour angle. 

SHF, super high frequency. 

sin, sine. 

SRM, speed of relative movement. 

Sr, speed of true wind in units of ship’s 
speed. 

T, air temperature correction (altitude); 
table; temperature; time; toward (alti- 
tude difference); true (direction). 

t, dry-bulb temperature; elapsed time; 
meridian angle. 

t’, wet-bulb temperature. 

tab., table. 

tan, tangent. 

TB, true bearing; air temperature-atmos- 
pheric pressure correction (altitude). 

TC, true course. 

TcHHW,, tropic higher high water. 

TcHLW, tropic higher low water. 

TcLHW, tropic lower high water. 

TcLLW, tropic lower low water. 

Tg, ground-wave reading (loran). 

Togs, ground-wave-sky-wave reading 
(loran). 

TH, true heading. 

TR, track. 

Tr., transit. 

Ts, sky-wave reading (loran). 

Tsc, sky-wave-ground-wave reading 
(loran). 

TZn, true azimuth. 

U, upper limb correction for moon (from 
Nautical Almanac). 

UHF, ultra high frequency. 

UL, upper limb. 

UT, universal time. 

V, deflection of the vertical; variation; 
vertex. 

v, excess of GHA change from adopted 
value for one hour. 

Var., variation. 

ver, versine. 

VHF, very high frequency. 

VLF, very low frequency. 

VPR, virtual PPI reflectoscope. 

W, watch time; wave-height correction 
(altitude) ; west. 

WE, watch error. 

WT, war time. 

X, parallactic angle. 
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yd., yard. 

yds., yards. 

yr., year. 

yrs., years. 

Z, azimuth angle; Coriolis correction 
(altitude); vertical intensity of earth’s 
magnetic field; zenith. 

z, zenith distance. 

ZD, zone description. 

Zn, azimuth (as distinguished from azi- 
muth angle). 

Znpge, azimuth per gyro compass. 
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ZT, zone time. 

a, damping error (gyro compass). 

A, a small increment, or the change in one 
quantity corresponding to unit change 
in another. 

6, speed error (gyro compass). 

A, longitude; shielding factor; wave length 
(radiant energy). 

u, index of refraction; permeability. 

us, microsecond. 

mw, ratio of circumference of circle to 
diameter=3.14159-+. 


Positions 


© Dead reckoning position; fix, running 
fix. 


© Estimated position. 


Mathematical Symbols 


+ Plus (addition) 

— Minus (subtraction) 
+ Plus or minus 

~ Absolute difference 

x Times (multiplication) 
+ Divided by (division) 
¥ Square root 


Vv nth root 
= Equals 
> Is greater than 
< Is less than 
JS Integral sign 
o Infinity 
... Repeating decimal 


Celestial Bodies 


Sun 
Moon 
Mercury 
Venus 
Earth 
Mars 
Jupiter 
Saturn 
Uranus 
Neptune 
Pluto 
Star 


rVvEorNAGo0aeAno 


w-P Star-planet altitude correction (al- 
titude) 


Lower limb 
Center 

Upper limb 
New moon 
Crescent moon 
First quarter 
Gibbous moon 
Full moon 
Gibbous moon 
Last quarter 
Crescent moon 


a D 
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Signs of the Zodiac 


Aries (vernal equinox) 
Taurus 

Gemini 

Cancer (summer solstice) 


Leo 
m Virgo 


OY Aa« 3 


= Libra (autumnal equinox) 
M Scorpius 

f Sagittarius 

¥3 Capricornus (winter solstice) 
a Aquarius 

X Pisces 
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Miscellaneous Symbols 


y Years * Interpolation impractical 
™ Months ° Degrees 

¢ Days ’ Minutes of arc 

» Hours ” Seconds of are 


m Minutes of time é Conjunction 

® Seconds of time & Opposition 
mi Remains below horizon CL} Quadrature 
(1 Remains above horizon & Ascending node 
//// Twilight all night ¢? Descending node 
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GREEK ALPHABET 


Aaa Alpha 
BBE Beta 
Ty Gamma 
Aé Delta 
Ee Epsilon 
Z¢ Zeta 
Hn Eta 
8660 Theta 
Te Tota 
Kx Kappa 
AX Lambda 
M p Mu 


N vp 
ae 
Oo 
Iro 
Pp 
2Zos 
Tr 
Tu 
Poy 
X x 
vy 
Q w 


Omicron 
Pi 

Rho 
Sigma 
Tau 
Upsilon 
Phi 

Chi 

Psi 
Omega 


APPENDIX C 
GLOSSARY 


This appendix is an abridgment of the definitions of H.O. Pub. No. 220, Navigation 
Dictionary, to which reference should be made for complete definitions. 

abeam. Bearing approximately 090° relative (abeam to starboard) or 270° relative 
(abeam to port). 

aberration. The apparent displacement of a celestial body in the direction of 
orbital motion of the earth. 

abscissa. The horizontal coordinate of a set of rectangular coordinates. 

absolute humidity. The mass of water vapor per unit of volume of air. 

absolute zero. Thelowest possible temperature, about (—) 459°67 For (—) 273°15C. 

aclinic line. The magnetic equator. 

acoustic navigation. Sonic navigation. 

acute angle. An angle less than 90°. 

advance. The distance a vessel moves in its original direction in making a turn. 

advanced line of position. A line of position which has been moved forward 
to allow for the run since the line was established. 

advection. Horizontal movement of part of the atmosphere. 

age of the moon. The elapsed time, usually expressed in days, since the last 
new moon. 

agonic line. A line connecting points of no magnetic variation. 

aground. ‘Touching, resting, or lodged on the bottom. 

ahead. Bearing approximately 000° relative. 

aid to navigation. A device external to a craft, designed to assist in determination 
of position of the craft, or of a safe course, or to warn of dangers. 

air almanac. A periodical publication of astronomical data designed primarily 
for air navigation. 

air mass. An extensive body of air within which the conditions of temperature 
and moisture in a horizontal plane are essentially uniform. 

air navigation. The navigation of aircraft. 

air temperature correction. That sextant altitude correction due to changes in 
refraction caused by difference between the actual temperature and the standard 
temperature used in the computation of the refraction table. 

alidade. A telescope or other device mounted over a compass, compass repeater, 
or compass rose, for measuring direction. 

alignment. Adjustment of the tuned circuits of electronic equipment for optimum 
performance, or synchronization of two or more components of an electronic system. 

almanac. A periodical publication of astronomical data useful to a navigator. 

Alnico. The trade name for an alloy composed. principally of aluminum, nickel, 
cobalt, and iron; used for permanent magnets. 

alternating current. An electric current that continually changes in magnitude 
and periodically reverses polarity. 

alternating fixed and flashing light. A fixed light varied at regular intervals by 
one or more flashes of greater brilliance, with color variations in either the fixed light 


or flashes, or both. 
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alternating fixed and group flashing light. A fixed light varied at regular in- 
tervals by a group of two or more flashes of greater brilliance, with color variations in 
either the fixed light or flashes, or both. 

alternating flashing light. A light showing one or more flashes with color variations 
at regular intervals, the duration of light being less than that of darkness. 

alternating group flashing light. A light showing groups of flashes with color 
variations at regular intervals, the duration of light being less than that of darkness. 

alternating group occulting lifht. A light having groups of total eclipses at 
regular intervals and having color variations, the duration of light being equal to or 
greater than that of darkness. 

alternating light. A light having periodic color variations, particularly one with 
constant luminous intensity. 

alternating occulting light. A light having one or more total eclipses at regular 
intervals and having color variations, the duration of light being equal to or greater than 
that of darkness. 

altitude. Angular distance above the horizon; the arc of a vertical circle between 
the horizon and a point on the celestial sphere, measured upward from the horizon. 

altitude azimuth. An azimuth determined when altitude, declination, and latitude 
are known. 

altitude circle. Parallel of altitude. 

altitude difference. The difference between computed and observed altitudes, or 
between precomputed and sextant altitudes. 

altitude intercept. Altitude difference. 

altocumulus. A cloud layer (or patches) within the middle level (mean height 
6,500-20,000 ft.) composed of rather flattened globular masses, the smallest elements 
of the regularly arranged layers being fairly thin, with or without shading. These 
elements are arranged in groups, in lines or in waves, following one or two directions, 
and are sometimes so close together that their edges join. 

altostratus. A sheet of gray or bluish cloud within the middle level (mean height 
6,500—20,000 ft.). Sometimes the sheet is composed of a compact mass of dark, thick, 
gray clouds of fibrous structure; at other times the sheet is thin and through it the sun 
or moon can be seen dimly as though gleaming through ground glass. 

amplitude. 1. Angular distance north or south of the prime vertical; the arc of 
the horizon or the angle at the zenith between the prime vertical and a vertical circle, 
measured north or south from the prime vertical to the vertical circle. 2. The maxi- 
mum value of the displacement of a wave or other periodic phenomenon from the zero 
position. 

amplitude balance. Equality in the amplitude of two or more signals. 

amplitude modulation. The process of changing the amplitude of a carrier wave 
in accordance with the variations of a modulating wave. 

anchorage. An area where a vessel anchors or may anchor, either because of 
suitability or designation. 

anchorage buoy. One of a series of buoys marking the limits of an anchorage. 

anchorage chart. A nautical chart showing prescribed or recommended anchor- 
ages. 

anchor buoy. A buoy marking the position of an anchor. 

anemometer. An instrument for measuring the speed of the wind. Some in- 
struments also indicate the direction from which it is blowing. 

aneroid barometer. An instrument which determines atmospheric pressure by 


the effect of such pressure on a thin-metal cylinder from which the air has been partly 
exhausted. 
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angle. The inclination to each other of two intersecting lines, measured by the 
are of a circle intercepted between the two lines forming the angle, the center of the 
circle being the point of intersection. 

angular distance. The angular difference between two directions, or the arc of 
the great circle joining two points. 

anneal. To heat (metal) to a high temperature and then allow to cool slowly, for 
the purpose of softening, making less brittle, or removing permanent magnetism. 

annular. Ring-shaped. 

annular eclipse. An eclipse in which a thin ring of the source of light appears 
around the obscuring body. 

anode. The positive pole or electrode of an electron tube or an electric cell. 

ante meridian. Before noon. 

antenna. A conductor or system of conductors for radiating or receiving radio 
waves. 

antenna array. A group of antennas arranged so as to obtain directional char- 
acteristics. 

anticyclone. An approximately circular portion of the atmosphere, having 
relatively high atmospheric pressure and winds which blow clockwise around the 
center in the northern hemisphere and counterclockwise in the southern hemisphere. 

antilogarithm. The number corresponding to a given logarithm. 

aperiodic compass. A compass that, after being deflected, returns by one direct 
movement to its proper reading, without oscillation. 

aphelion. That orbital point farthest from the sun when the sun is the center 
of attraction (as in the case of a planet). 

apogean tides. Tides of decreased range occurring when the moon is near apogee. 

apogee. That orbital point farthest from the earth when the earth is the center 
of attraction (as in the case of the moon). 

apparent altitude. Rectified altitude. 

apparent horizon. Visible horizon. 

apparent motion. Motion relative to a specified or implied reference point which 
may itself be in motion. 

apparent sun. The actual sun as it appears in the sky. 

apparent time. Time based upon the rotation of the earth relative to the apparent 
(true) sun. 

apparent wind. Wind relative to a moving point, such as a vessel. 

approximate altitude. An altitude determined by inexact means, as by estimation 
or by a star finder or star chart. 

are. 1. Part of acurved line, asacircle. 2. The graduated scale of an instrument 
for measuring angles, as a marine sextant. 

arc of visibility. The arc of a light sector, designated by its limiting bearings 
as observed at points other than the light. 

argument. One of the values used for entering a table or diagram. 

arm. 1. An inlet. 2. A slender part of an instrument, device, or machine. 

Armco. The trade name for a high-purity, low-carbon iron, used for Flinders 
bars, quadrantal correctors, etc. 

arming. Tallow or other substance placed in the recess at the lower end of a sound- 
ing lead, for obtaining a sample of the bottom. 

artificial horizon. A device for indicating the horizontal. 

artificial-horizon sextant. A sextant baving an artificial horizon built in. 

A-scope. A cathode ray scope on which the trace appears as a horizontal or vertical 
range scale and the signals appear as perpendicular deflections. 
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assumed latitude. The latitude at which an observer is assumed to be located 
for an observation or computation. 

assumed longitude. The longitude at which an observer is assumed to be located 
for an observation or computation. 

assumed position. A point at which a craft is assumed to be located, particularly 
one used as a preliminary to establishing certain navigational data, as that point on 
the surface of the earth for which the computed altitude is determined in the solution 
of a celestial observation. 

astern. Bearing approximately 180° relative. 

astrolabe. An instrument used for determining an accurate astronomical position 
ashore, as in survey work. 

astronomical latitude. Angular distance between the direction of gravity and the 
plane of the equator. 

astronomical longitude. The angle between the plane of the reference meridian 
and the plane of the celestial meridian. 

astronomical position. A point on the earth determined by celestial observation. 

astronomical refraction. Atmospheric refraction of a ray of radiant energy from 
outer space. 

astronomical tide. Tide related to the attractions of celestial bodies, particularly 
the sun and moon. 

astronomical triangle. The navigational triangle, either terrestrial or celestial, 
used in the solution of celestial observations. 

astronomical twilight. The period of incomplete darkness when the upper limb 
of the sun is below the visible horizon, and the center of the sun is not more than 18° 
below the celestial horizon. 

astronomical unit. The mean distance between the earth and the sun, approxi- 
mately 92,900,000 statute miles, used as a unit of measurement of distance within 
the solar system. 

atmosphere. The envelope of air surrounding the earth or other celestial body. 

atmospheric absorption. The loss of power in transmission of radiant energy by 
dissipation in the atmosphere. 

atmospheric noise. Static. 

atmospheric pressure. The pressure exerted by the weight of the earth’s atmos- 
phere. Its standard value at sea level is about 14.7 pounds per square inch. 

atmospheric pressure correction. That sextant altitude correction due to changes 
in refraction caused by nonstandard atmospheric pressure. 

atmospheric refraction. Refraction of a ray of radiant energy passing obliquely 
through the atmosphere. 

A trace. The first trace of a scope having more than one, as the upper trace of a 
loran indicator. 

attenuation. A lessening in amount, particularly the reduction of the amplitude of 
a wave with distance from the origin. 

audio frequency. A frequency within the audible range, about 20 to 20,000 
cycles per second. 

augmentation. The apparent increase in the semidiameter of a celestial body as 
its altitude increases, due to the decreased distance from the observer. 

aural null. A null detected by listening for a minimum or the complete absence 
of an audible signal. 

aurora. A luminous phenomena due to electrical discharge in the upper atmosphere, 
most commonly seen in high latitudes. 

aurora australis. The aurora in the southern hemisphere. 
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aurora borealis. The aurora in the northern hemisphere. 

auroral zone. The area of maximum auroral activity. 

automatic celestial navigation. Automatic and continuous indication of position 
by a device which tracks celestial bodies and solves for geographical coordinates. 

automatic radio direction finder. A radio direction finder which indicates auto- 
matically and continuously the great-circle direction of the transmitter to which it is 
tuned. 

autumnal equinox. That point of intersection of the ecliptic and the celestial 
equator occupied by the sun as it changes from north to south declination, on or 
about September 23, or the instant this occurs. 

awash. Situated so that the top is intermittently washed by waves or tidal 
action. 

azimuth. The horizontal direction of a celestial point from a terrestrial point. 
It is usually measured from 000° at the reference direction clockwise through 360°. 

azimuthal equidistant projection. An azimuthal map projection in which dis- 
tances from the point of tangency are accurately represented according to a uniform 
scale. 

azimuthal projection. A map projection in which the surface of a sphere or 
spheroid, such as the earth, is conceived as developed on a tangent plane, with the 
result that azimuths or bearings of any point from the center are correctly represented. 

azimuth angle. Azimuth measured from 0° at the north or south reference direc- 
tion clockwise or counterclockwise through 90° or 180°. 

azimuth bar. A slender ber with a vane at each end, designed to fit over a central 
pivot in the glass cover of a magnetic compass for measurement of compass azimuths. 

azimuth circle. A ring designed to fit snugly over a compass or compass repeater, 
and provided with means for observing compass bearings and azimuths. 

azimuth instrument. An instrument for measuring azimuths, particularly a 
device which fits snugly over a central pivot in the glass cover of a magnetic compass. 

azimuth tables. Publications providing tabulated azimuths or azimuth angles. 

back. Of the wind, to change direction counterclockwise in the northern hemi- 
sphere and clockwise in the southern hemisphere. 

back sight. An observation of a celestial body made by facing 180° from the 
azimuth of the body. 

ballistic damping error. That error introduced in a nonpendulous gyro compass 
as a result of the method used to damp the oscillations of the gyro spin axis. 

ballistic deflection error. A temporary error introduced in a gyro compass by 
the accelerating force acting upon the damping mechanism when a vessel changes 
course or speed. 

bandwidth. The number of units (cycles, kilocycles, etc.) of frequency required 
for transmission. 

barograph. A recording barometer. 

barometer. An instrument for measuring atmospheric pressure. 

barometric pressure. Atmospheric pressure as indicated by a barometer. 

barometric tendency. The change of barometric pressure within a specified time 
(usually three hours) before an observation, together with the direction of change and 
the characteristics of the rise or fall. 

bar scale. A line or series of lines on a chart, subdivided and labeled with the 
distances represented on the chart. 

base line. 1. The line between two transmitters operating together to provide 
a line of position, as in loran. 2. Any line serving as the basis for measurement of 
other lines, as in surveying. 3. The trace of a cathode ray tube. 
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base line delay. The time interval needed for the signal from a loran master 
station to travel the length of the base line, introduced as a delay between transmis- 
sion of the master and slave signals. 

base line extension. The extension of a base line beyond the transmitters. 

basic pulse repetition rate. The lowest pulse repetition rate of a group differing 
only slightly from each other. 

bathymetric chart. A topographic chart of the bed of a body of water. 

bathythermograph. A recording thermometer for determining temperature of 
the sea at various depths. 

Bayer’s name. The Greek (or Roman) letter and the possessive form of the 
Latin name of a constellation, used as a star name. 

beacon. 1. A fixed aid to navigation. 2. An unlighted aid to navigation. 
3. Anything serving as a signal or conspicuous indication, either for guidance or 
warning. 

beam width. The angular width of a beam of radiant energy between half-power 
intensities. 

bearing. The horizontal direction of one terrestrial point from another. It is 
usually measured from 000° at the reference direction clockwise through 360°. 

bearing angle. Bearing measured from 0° at the north or south reference direc- 
tion clockwise or counterclockwise through 90° or 180°. 

bearing bar. A slender bar with a vane at each end, designed to fit over a cen- 
tral pivot in the glass cover of a magnetic compass, for measurement of compass 
bearings. 

bearing circle. A ring designed to fit snugly over a compass or compass repeater, 
and provided with vanes for observing compass bearings. 

bearing line. A line extending in the direction of a bearing. 

bearing repeater. A compass repeater used primarily for observing bearings. 

Beaufort scale. A numerical scale for indicating wind speed, named after Admiral 
Sir Francis Beaufort, who devised it in 1806. 

beset. Surrounded so closely by sea ice that steering control is lost. 

binnacle. The stand in which a compass is mounted. 

blinking. Regular shifting right and left of a loran signal to indicate that the 
signals are out of synchronization. 

blue azimuth tables. H.O. Pub. No. 261, Azimuths of Celestial Bodies. 

blue magnetism. The magnetism of the south-seeking end of a freely suspended 
magnet. 

boat compass. A small compass mounted in a box for convenient use in small 
craft. 

bobbing a light. Quickly lowering the height of eye several feet and then raising 
it again when a light is first sighted, to determine whether the observer is at the geo- 
graphical range of the light. 

bottom sample. A portion of the material forming the bottom, brought up for 
inspection. 

bow and beam bearings. Successive relative bearings (right or left) of 45° and 
90° of a fixed object. 

boxing the compass. Stating in order the names of the points (and sometimes 
fractional points) of the compass. 

broad on the beam. Bearing 090° relative (“broad on the starboard beam’’) or 
270° relative (“broad on the port beam’’). 

broad on the bow. Bearing 045° relative (“broad on the starboard bow’’) or 315° 
relative (“broad on the port bow”). 
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broad on the quarter. Bearing 135° relative (“broad on the starboard quarter’’) 
or 225° relative (“broad on the port quarter’). 

B trace. The second trace of a scope having more than one, as the lower trace of 
a loran indicator. 

bubble sextant. A sextant with a bubble to indicate the horizontal. 

buoy. A floating object, other than a lightship, moored or anchored to the bottom 
as an aid to navigation. 

buoyage. A system of buoys. 

cable. 1. A unit of distance equal to 720 feet in the U. S. Navy. 2. A chain 
or strong fiber or wire rope used to anchor or moor vessels or buoys. 3. A stranded 
electric conductor or several conductors laid up together. 

cage. To erect a gyro or lock it in place. 

calculated altitude. Computed altitude. 

calibrate. To determine or rectify the scale graduations of an instrument. 

calibration table. A table of calibration corrections or calibrated values. 

calving. The breaking away of a mass of ice from a parent iceberg, glacier, or 
ice shelf. 

can buoy. A buoy the above-water part of which is in the shape of a cylinder. 

candela. The United States and international unit of luminous intensity. 

cardinal point. North, east, south, or west. 

carrier wave. A radio wave used as a vehicle for conveying intelligence, generally 
by modulation. 

Cartesian coordinates. Magnitudes defining a point relative to two intersecting 
lines or azes. 

cartography. The art and science of making charts or maps. 

cathode. The negative pole or electrode of an electron tube or an electric cell. 

cathode ray tube. The “picture” tube of radar, loran, television, etc. 

C-band. A radio-frequency band of 3,900 to 6,200 megacycles. 

celestial body. Any aggregation of matter in space constituting a unit, such as 
the sun, a planet, etc. 

celestial coordinates. Any set of coordinates used to define a point on the celestial 
sphere. 

celestial equator. The intersection of the celestial sphere and the extended plane 
of the equator. 

celestial equator system of coordinates. Declination and hour angle or declina- 
tion and sidereal hour angle. 

celestial fix. A fix established by observation of celestial bodies. 

celestial horizon. That great circle of the celestial sphere formed by the inter- 
section of the celestial sphere and a plane through the center of the earth and perpendic- 
ular to the zenith-nadir line. 

celestial latitude. Angular distance north or south of the ecliptic; the are of a 
circle of latitude between the ecliptic and a point on the celestial sphere, measured 
northward or southward from the ecliptic through 90°, and labeled N or S to indicate 
the direction of measurement. 

celestial line of position. A line of position established by observation of a celestial 
body. 

celestial longitude. Angular distance east of the vernal equinox, along the 
ecliptic; the arc of the ecliptic or the angle at the ecliptic pole between the circle of 
latitude of the vernal equinox and the circle of latitude of a point on the celestial 
sphere, measured eastward from the circle of latitude of the vernal equinox, through 


360°. 
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celestial meridian. A great circle of the celestial sphere, through the celestial 
poles and the zenith. 

celestial navigation. Navigation with the aid of celestial bodies. 

celestial observation. Observation of celestial phenomena. 

celestial poles. The intersection of the celestial sphere and the extended axis of 
the earth. 

celestial sphere. An imaginary sphere of infinite radius concentric with the earth, 
on which all celestial bodies except the earth are imagined to be projected. 

celestial triangle. A spherical triangle on the celestial sphere, especially the navi- 
gational triangle. 

Celsius temperature. Temperature based upon a scale in which, under standard 
atmospheric pressure, water freezes at 0° and boils at 100°. Called ‘‘centigrade 
temperature” before 1948. 

centering control. A control used to center the image on a cathode ray tube. 

centering error. That instrumental error due to inaccurate pivoting of a moving 
part. 

centigrade temperature. Celsius temperature. 

change of tide. A reversal of the direction of motion (rising or falling) of a tide. 

characteristics of a light. The sequence and length of light and dark periods and 
the color or colors by which a navigational light is identified. 

character of the bottom. The type of material of which the bottom is composed. 

chart. A map intended primarily for navigational use. 

chart comparison unit. A device which provides simultaneous, superimposed 
views of a chart and radar scope. 

chart datum. The tidal datum to which soundings on a chart are referred. 

charted depth. The vertical distance from the chart datum to the bottom. 

charted visibility. The extreme distance, shown in numbers on a chart, at which 
a navigational light can be seen under standard conditions. 

chartlet. 1. A small chart. 2. A graphic supplement to Notice to Mariners. 

chart projection. A map projection used for a chart. 

chart reading. Interpretation of the symbols, lines, abbreviations, and terms 
appearing on charts. 

chronometer. A timepiece with a nearly constant rate. 

chronometer error. The amount by which chronometer time differs from the 
correct time to which it was set, usually Greenwich mean time. 

chronometer rate. The amount gained or lost by a chronometer in unit time, 
usually seconds per day. 

chronometer time. Time as indicated by a chronometer. 

chronometer watch. A small chronometer, especially one with an enlarged watch- 
type movement. 

circle of declination. Hour circle. 

circle of equal altitude. A circle on the surface of the earth, on every point of 
which the altitude of a given celestial body is the same at a given instant. 

circle of equal declination. Parallel of declination. 

circle of latitude. 1. A great circle of the celestial sphere, perpendicular to the 
ecliptic. 2. A meridian of the earth. 

circle of longitude. 1. A circle of the celestial sphere, parallel to the ecliptic. 
2. A parallel of latitude on the earth. 

circle of position. A circular line of position. 

circle of right ascension. Hour circle. 

circle of uncertainty. A circle within which a craft is considered to be located. 
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circle of visibility. That circle surrounding an aid to navigation in which the aid 
is visible. 

circumpolar. Revolving about the elevated pole without setting. 

cirrocumulus. High clouds (mean lower level above 20,000 ft.) composed of small 
white flakes or of very small globular masses, usually without shadows, which are 
arranged in groups or lines, or more often in ripples resembling those of sand on the 
seashore. 

cirrostratus. Thin, whitish, high clouds (mean lower level above 20,000 ft.) some- 
times covering the sky completely and giving it a milky appearance and at other times 
presenting, more or less distinctly, a formation like a tangled web. 

cirrus. Detached high clouds (mean lower level above 20,000 ft.) of delicate and 
fibrous appearance, without shading, generally white in color, and often of a silky 
appearance. 

civil twilight. The period of incomplete darkness when the upper limb of the sun 
is below the visible horizon, and the center of the sun is not more than 6° below the 
celestial horizon. 

clamp screw. A screw for holding a moving part in place, as during an observation 
or reading, particularly such a device used in connection with the tangent screw of a 
marine sextant. 

clamp screw sextant. A marine sextant having a clamp screw for controlling the 
position of the tangent screw. 

cloud. A visible assemblage of numerous tiny droplets of water or ice crystals 
formed by condensation of water vapor in the air, with the base above the surface of 
the earth. 

clutter. Atmospheric noise, extraneous signals, etc., which tend to obscure the 
reception of a desired signal in a radio receiver, on a radar scope, etc. 

coaltitude. Ninety degrees minus the altitude. 

coarse delay. On a loran indicator, a dial for controlling relatively large changes 
in the position of the B trace pedestal. 

coastal current. An ocean current flowing roughly parallel to a coast, outside the 
surf zone. 

coastal refraction. A small change in the direction of travel of a radio signal when 
it crosses a shore line obliquely. 

coast chart. A nautical chart intended for use near a shore, as in entering and 
leaving harbors. 

coasting. Proceeding approximately parallel to a coast line and near enough to 
be in pilot waters most of the time. 

coast pilot. A descriptive book for the use of mariners, containing detailed infor- 
mation of coastal waters, harbor facilities, etc., of an area, particularly along the coasts 
of the United States. 

coast piloting. The directing of the movements of a vessel near a coast, by means 
of terrestrial reference points. 

coastwise navigation. Navigation in the vicinity of a coast. 

codeclination. Ninety degrees minus the declination. 

coding delay. An arbitrary time delay in the transmission of pulse signals. 

colatitude. Ninety degrees minus the latitude. 

cold air mass. An air mass that is colder than surrounding air, and usually colder 
than the surface over which it is moving. 

cold front. That line of discontinuity, at the earth’s surface or at a horizontal 
plane aloft, along which an advancing cold air mass is undermining and displacing a 
warmer air mass. 
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collision bearing. A constant bearing maintained while the distance between two 
craft is decreasing. 

cologarithm. The logarithm of the reciprocal of a number. 

combination buoy. . A buoy having more than one means of conveying intelligence, 
as by light and sound. 

comparing watch. A hack watch having its error determined by comparison with 
a chronometer. 

compass. An instrument for determining a horizontal reference direction relative 
to the earth. 

compass adjustment. The process of neutralizing the magnetic effect a vessel 
exerts on a magnetic compass. 

compass amplitude. Amplitude relative to compass east or west. 

compass azimuth. Azimuth relative to compass north. 

compass bearing. Bearing relative to compass north. 

compass bowl. That part of a compass in which the compass card is mounted. 

compass card. That part of a compass on which the direction graduations are 
placed. 

compass compensation. The process of neutralizing the effects which degaussing 
currents exert on a marine magnetic compass. 

compass course. Course relative to compass north. 

compass error. The angular difference between a compass direction and the 
corresponding true direction. 

compasses. An instrument for drawing circles. 

compass heading. Heading relative to compass north. 

compass north. The direction north as indicated by a magnetic compass. 

compass points. The 32 divisions of a compass, at intervals of 114°. 

compass repeater. That part of a remote-indicating compass system which re- 
peats at a distance the indications of the master compass. 

compass rose. A circle graduated in degrees, clockwise from 0° at the reference 
direction to 360°, or in compass points, or in both degrees and points. 

complement. An angle equal to 90° minus the given angle. 

composite sailing. A modification of great-circle sailing used when it is desired 
to limit the highest latitude. 

computed altitude. Altitude of the center of a celestial body above the celestial 
horizon at a given time and place, as determined by computation, table, mechanical 
device, or graphics. 

computed point. The foot of a perpendicular from a dead reckoning position to 
a celestial line of position. 

conformal projection. A map projection in which all angles around any point are 
correctly represented. 

conic projection. A map projection in which the surface of a sphere or spheroid, 
such as the earth, is conceived as developed on one or more cones which are then 
spread out to form a plane. 

conjunction. The situation of two celestial bodies having either the same celestial 
longitude or the same sidereal hour angle. 

consol. An electronic navigational system providing a number of rotating equi- 
signal zones that permit determination of bearings from a transmitting station by 
counting a series of dots and dashes and referring to a table or special chart. 

constant error. A systematic error of unchanging magnitude and sign. 

constellation. Originally, a conspicuous configuration of stars; now, a region of 
the celestial sphere marked by arbitrary boundary lines. 
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continuous wave. A series of waves of like amplitude and frequency. 

contour. A line connecting points of equal elevation or equal depth. 

contrary name. A name (such as north or south) opposite or contrary to that 
of something else. Usually used in connection with declination and latitude. 

controlling depth. The least depth in the approach or channel to an area, such as 
a port, governing the maximum draft of vessels that can enter. 

convergence constant. The angle at a given latitude between meridians 1° apart. 

conversion angle. The angle between the rhumb line and the great circle between 
two points. 

coordinate. One of a set of magnitudes defining a point in space. 

Coriolis force. An apparent force acting on a body in motion, due to rotation 
of the earth, causing deflection to the right in the northern hemisphere and to the left 
in the southern hemisphere. 

corner reflector. A combination of mutually intersecting, conducting surfaces 
designed to return electromagnetic radiations toward their sources, and used primarily 
to render objects more conspicuous to radar observations. 

correcting. The process of applying corrections, particularly compass corrections. 

corrector. A magnet, piece of soft iron, or device used in the adjustment or 
compensation of a magnetic compass. 

countercurrent. A secondary current flowing adjacent and in the opposite direc- 
tion to another current. 

course. The intended horizontal direction of travel. It is usually measured 
from 000° at the reference direction clockwise through 360°. 

course angle. Course measured from 0° at the reference direction clockwise or 
counterclockwise through 90° or 180°. 

course error. Angular difference between the course and the course made good. 

course line. 1. A line extending in the direction of a given course. 2. A line 
of position approximately parallel to the course. 

course made good. The direction of a point of arrival from a point of departure. 

course of advance. The course expected to be made good over the ground. 

course over the ground. The course actually made good over the ground. 

course recorder. A device which records the headings of a vessel. 

critical range. The spread of ranges in which there is an element of uncertainty 
in interpretation, as in the case of ground waves and sky waves of loran. 

critical table. A table in which values of the quantity to be found are tabulated 
for limiting values of the entering argument. 

cross bearings. Two or more bearings used as intersecting lines of position for 
fixing the position of a vessel. 

culmination. Meridian transit. 

culture. Map details which represent cultural features, such as cities, railroads, 
aids to navigation, latitude and longitude lines, etc., as contrasted with natural features. 

cumulonimbus. A massive cloud with great vertical development, the summits 
of which rise in the form of mountains or towers, the upper parts often spreading out in 
the form of an anvil. 

cumulus. A dense cloud with vertical development, having a horizontal base 
and dome-shaped upper surface, exhibiting protuberances. 

current. 1. Water in essentially horizontal motion. 2. A hypothetical hori- 
zontal motion of such set and drift as to account for the difference between a dead 
reckoning position and a fix at the same time. 3. Air in essentially vertical motion. 
4. Electricity flowing along a conductor. 

current chart. A chart on which current data are graphically depicted. 
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current diagram. A graph showing the average speeds of flood and ebb currents 
throughout the current cycle for a considerable part of a tidal waterway. 

current difference. The difference between the time of slack water or strength 
of current at a subordinate station and at its reference station. 

current direction. The direction toward which a current is flowing. 

current meter. An instrument for measuring the speed of a current, and some- 
times the direction of flow, also. 

current rips. Small waves formed on the surface of water by the meeting of 
opposing ocean currents. 

cursor. A device used with an instrument, to provide a movable reference. 

cut. The intersection of lines of position, constituting a fix, with particular 
reference to the angle of intersection. 

cyclone. An approximately circular portion of the atmosphere, having relatively 
low atmospheric pressure and winds which blow counterclockwise around the center 
in the northern hemisphere and clockwise in the southern hemisphere. 

cylindrical buoy. Can buoy. 

cylindrical projection. A map projection in which the surface of a sphere or 
spheroid, such as the earth, is conceived as developed on a tangent cylinder, which is 
then spread out to form a plane. 

daily rate. The change in chronometer error or watch error in 24 hours. 

damping. The progressive diminishing of amplitude of oscillations, waves, etc. 

dan buoy. A buoy consisting of a ballasted float carrying a staff which supports 
a flag or light. 

danger angle. The maximum or minimum angle between two points (separated 
either horizontally or vertically), as observed from a vessel, indicating the limit of 
safe approach to an off-lying danger. 

danger bearing. The maximum or minimum bearing of a point for safe passage 
past an off-lying danger. 

danger buoy. A buoy marking an isolated danger to navigation. 

danger line. A line drawn on a chart, to indicate the limits of safe navigation 
for a vessel of specific draft. 

dangerous semicircle. That half of a cyclonic storm area to the right of the storm 
track in the northern hemisphere, and to the left of the storm track in the southern 
hemisphere. In this semicircle the winds are stronger and tend to blow a vessel into 
the path of the storm. 

danger sounding. A minimum sounding chosen for a vessel of specific draft in a 
given area to indicate the limit of safe navigation. 

date line. The boundary between the (—)12 and (+)12 time zones, corresponding 
approximately with the 180th meridian. 

datum. The base value, level, direction, or position from which any quantity is 
measured. 

daybeacon. An unlighted beacon. 

daylight saving time. A variation of zone time, usually one hour later than 
standard time. 

daymark. A distinctive structure serving as an aid to navigation during daylight, 
whether or not the structure has a light. 

day’s run. The distance traveled by a vessel in one day, usually reckoned from 
noon to noon. 

day’s work. The daily routine of the navigation of a vessel at sea. 

dead ahead. Bearing 000° relative. 

dead astern. Bearing 180° relative. 
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deadbeat compass. Aperiodic compass. 

dead reckoning. Determination of position by advancing a previous position for 
courses and distances. 

dead reckoning equipment. A device that continuously indicates the dead reckon- 
ing position of a vessel. 

dead reckoning plot. A plot of the movements of a craft as determined by dead 
reckoning. 

dead reckoning position. A position determined by dead reckoning. 

dead reckoning tracer. A device that automatically provides a graphical record of 
the dead reckoning track. 

dead reckoning track. A line representing successive dead reckoning positions of a 
craft. 

Decca. An electronic navigational system by which hyperbolic lines of position 
are determined by measuring the phase difference of synchronized continuous wave 
signals. 

decibel. A unit for expressing the loudness of sounds, one decibel being approx- 
imately the least change detectable by the average human ear. 

deck log. A written record of the movements of a vessel with regard to courses, 
speeds, positions, and other navigational information, and important events aboard the 
vessel. 

declination. Angular distance north or south of the celestial equator; the arc of an 
hour circle between the celestial equator and a point on the celestial sphere, measured 
northward or southward from the celestial equator through 90°, and labeled N or S to 
indicate the direction of measurement. 

deep. An unmarked fathom point on a lead line. 

deep sea lead (léd). A heavy sounding lead (about 30 to 100 pounds), usually 
having a line 100 fathoms or more in length. 

deflection of the vertical. The angular difference between the direction of a plumb 
line (the vertical) and the perpendicular (the normal) to the reference spheroid. 

deflector. An instrument for measuring the relative directive force acting on a 
magnetic compass on different headings, for use in compass adjustment. 

degaussing. Neutralization of the strength of the magnetic field of a vessel, by 
means of suitably arranged electric coils permanently installed in the vessel. 

demodulation. The process of obtaining a modulating wave from a modulated wave. 

departure. 1. The distance between two meridians at any given parallel of lati- 
tude, expressed in linear units, or the distance to the east or west made good by a vessel 
in proceeding from one point to another. 2. Act of departing or leaving. 

deperming. The process of changing the magnetic condition of a vessel by wrapping 
a large conductor around it a number of times in a vertical plane, athwartships, and 
energizing the coil thus formed. 

depressed pole. That celestial pole below the horizon, of contrary name to the 
latitude. 

depth. Vertical distance from a given water level to the bottom. 

depth contour. A contour connecting points of equal depth. 

destination. The point of intended arrival. 

deviation. The angle between the magnetic meridian and the axis of a compass 


card. 
deviation table. A table of the deviation of a magnetic compass on various 


headings. 
dew point. The temperature to which air must be cooled at constant pressure and 


constant water vapor content to reach saturation. 
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diagram on the plane of the celestial meridian. A diagram in which the local 
celestial meridian appears as a circle with the zenith at the top, and the horizon as a 
horizontal diameter. 

diaphone. A device for producing a distinctive fog signal by means of a slotted 
reciprocating piston actuated by compressed air. 

difference of latitude. The shorter arc of any meridian between the parallels of 
two places, expressed in angular measure. 

difference of longitude. The smaller angle at the pole or the shorter arc of a 
parallel between the meridians of two places, expressed in angular measure. 

dip. 1. The vertical angle, at the eye of an observer, between the horizontal and 
the line of sight to the visible horizon. 2. The angle between the horizontal and the 
lines of force of the earth’s magnetic field. 3. The first detectable decrease in the 
altitude of a celestial body after reaching its maximum at or near meridian transit. 

dip circle. An instrument for measuring magnetic dip. 

dip correction. That correction to a sextant altitude due to dip of the horizon. 

dip needle. A magnetized needle mounted so as to indicate magnetic dip. 

dip of the horizon. Dip, definition 1. 

direct current. An electric current which flows continuously in the same direction. 

direction. The position of one point in space relative to another without ref- 
erence to the distance between them. 

direction finder deviation. Error in the reading of a radio direction finder due to 
its environment. 

direction of current. The direction toward which a current is flowing. 

direction of waves or swell. The direction Jrom which waves or swell are moving. 

direction of wind. The direction from which a wind is blowing. 

directive force. The force tending to cause the directive element of a compass to 
line up with the reference direction. 

direct wave. A radio wave which travels from transmitter to receiver without an 
abrupt change due to refraction or reflection. 

disposition of lights. The arrangement, order, etc., of navigational lights in an 
area. 

distance finding station. A radiobeacon with a synchronized sound signal. 

distance marker. A device indicating distance, particularly one on a radar 
indicator. 

diurnal. Having a period of, occurring in, or related to a day. 

diurnal circle. The apparent daily path of a celestial body. 

diurnal current. Tidal current having one flood current and one ebb current each 
tidal day. 

diurnal inequality. The difference between the heights of the two high tides or 
two low tides during the tidal day, or the difference in speed between the two flood 
currents or the two ebb currents during a tidal day. 

diurnal motion. The apparent daily motion of a celestial body. 

diurnal tide. Tide having one high tide and one low tide each tidal day. 

dividers. An instrument consisting in its simple form of two pointed legs joined 
by a pivot, used principally for measuring distances or coordinates. 

dock. The space between two piers, or a basin or enclosure for reception of 
vessels and controlling the water level. 

Doppler effect. The apparent change in frequency of radiant energy when the 
distance between the source and the observer or receiver is changing. 

double. To travel around with a near reversal of course, as to double a cape. 

double pulsing. The transmitting of loran signals of two rates by a single station. 
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double tide. A high tide consisting of two maxima of nearly the same height 
separated by a relatively small depression, or a low tide consisting of two minima 
separated by a relatively small elevation. 

doubling the angle on the bow. A method of obtaining a running fix by measuring 
the distance a vessel travels while the relative bearing (right or left) of a fixed object 
doubles. 

draft. The depth to which a vessel is submerged. 

drafting machine. An instrument consisting essentially of a protractor and one 
or more arms attached to a parallel motion device. 

drift. 1. The speed of a current. 2. The distance a vessel is moved by current 
and wind. 38. Downwind or downcurrent motion due to wind or current. 

drift current. Any broad, shallow, slow-moving ocean current. 

drift lead. A lead placed on the bottom to indicate movement of a vessel. 

drogue. Sea anchor. 

dry compass. A compass without a liquid-filled bowl. 

dumb compass. Pelorus. 

earth inductor compass. A compass depending for its indications upon the current 
generated in a coil revolving in the earth’s magnetic field. 

easting. The distance a craft makes good to the east. 

ebb current. Tidal current moving away from land or down a tidal stream. 

echo ranging. Determination of distance by measuring the time interval between 
transmission of a radiant energy signal, usually sound, and the return of its echo. 

echo sounder. An instrument used for echo sounding. 

echo sounding. Determination of the depth of water by measuring the time in- 
terval between emission of a sonic or ultrasonic signal and the return of its echo from 
the bottom. 

eclipse. The obscuration of a source of light by the intervention of an object. 

ecliptic. The apparent annual path of the sun among the stars. 

ecliptic diagram. A diagram of the zodiac, indicating the positions of certain 
celestial bodies in this region. 

ecliptic pole. On the celestial sphere, either of the two points 90° from the 
ecliptic. 

ecliptic system of coordinates. Celestial latitude and celestial longitude. 

electrode. A terminal at which electricity passes from one medium into another. 

electromagnetic energy. Radiant energy in radio waves, light waves, X-rays, 
heat waves, etc. 

electronic navigation. Navigation by means of electronic equipment. 

electronics. The science and technology relating to the emission, flow, and effects 
of electrons in a vacuum or through a semiconductor such as a gas, and to systems using 
devices in which this action takes place. 

elevated pole. That celestial pole above the horizon, of the same name as the 
latitude. 

E-link. A bracket attached to one of the arms of a binnacle to permit the mount- 
ing of a quadrantal corrector in an intermediate position between the fore-and-aft 
and athwartship lines through a magnetic compass. 

ellipsoid. A surface whose cross-sections are all ellipses or circles, or the solid 
enclosed by such a surface. 

endless tangent screw. A tangent screw which can be moved over the entire 
range of its arc without resetting. 

engine revolution counter. An instrument for registering the number of revolutions 
of a propeller shaft. 
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ephemeris. An almanac for astronomers. 

epoch. A particular instant for which certain data are given. 

equal altitudes. Two altitudes numerically the same. 

equation of time. Apparent time minus mean time (U. S. usage). 

equator. The primary great circle of the earth, or a similar body, perpendicular 
to the polar axis. 

equatorial chart. A chart of equatorial areas or one on an equatorial projection. 

equatorial projection. A map projection centered on the equator. 

equatorial tides. The tides that occur when the moon is near the celestial equator, 
when the difference in height between consecutive high or low tides is a minimum. 

equinoctial. Celestial equator. 

equinoctial tides. The tides that occur at or about the time of the equinoxes, 
when the spring range is greater than average. 

equinox. One of the two points of intersection of the ecliptic and the celestial 
equator, or the instant the sun occupies one of these points, when its declination is 0°. 

error of perpendicularity. That error in the reading of a marine sextant due to 
nonperpendicularity of the index mirror to the frame. 

establishment. The interval of time between the transit (upper or lower) of the 
moon and the next high water. 

estimated position. The most probable position of a craft, determined from 
incomplete data or data of questionable accuracy. 

excess of arc. That part of a sextant arc indicating negative readings. 

ex-meridian observation. Measurement of the altitude of a celestial body near 
the celestial meridian, for conversion to an equivalent meridian altitude; or the altitude 
so measured. 

explement. An angle equal to 360° minus the given angle. 

extrapolation. The process of estimating the value of a quantity beyond the 
limits of known values by assuming that the rate or system of change continues. 

extremely high frequency. Radio frequency of 30,000 to 300,000 megacycles per 
second. 

eye of the storm. The center of a tropical cyclone. 

fade. Of a radiant energy signal, to decrease, often temporarily, in strength 
without a change of receiver controls. 

Fahrenheit temperature. Temperature based upon a scale in which, under 
standard atmospheric pressure, water freezes at 32° and boils at 212°. 

fair tide. A tidal current which increases the speed of a vessel. 

fair wind. A wind which aids a craft in making progress in a desired direction. 

falling tide. A tide in which the depth of water is decreasing. 

false horizon. A line resembling the visible horizon but above or below it. 

far vane. That instrument sighting vane on the opposite side of the instrument 
from the observer’s eye. 

fata morgana. A complex mirage, characterized by marked distortion, generally 
in the vertical. 

fathom. A unit of length equal to six feet. 

fathom curve, fathom line. A depth contour with depth measured in fathoms. 

Fathometer. The trade name for a widely used echo sounder. 

favorable current. A current which increases the speed of a vessel over the 
ground. 

favorable wind. A wind which helps a craft make progress in a desired direction. 

feel the bottom. The action of a vessel in shoal water, when its speed is reduced 
and it sometimes becomes hard to steer. 
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fictitious craft. An imaginary craft used in the solution of certain maneuvering 
problems. 

fictitious latitude, fictitious longitude. Coordinates based upon a set of fictitious 
parallels and fictitious meridians similar to the geographical graticule, but offset from 
it. These are usually used with a transverse or oblique map projection, or with a 
navigational grid. 

fictitious rhumb line. A line making the same oblique angle with all fictitious 
meridians. 

final great-circle course. The great-circle course at the destination. 

fine delay. A dial on a loran indicator, for controlling relatively small changes 
in the position of the B trace pedestal. 

first estimate-second estimate method. The process of determining the value 
of a variable quantity by trial and error. Used particularly for finding the time of 
meridian transit at a moving craft. 

first point of Aries. Vernal equinox. 

fish stakes. Poles or stakes placed in shallow water to outline fishing areas, or to 
support fish nets. 

fix. A relatively accurate position determined without reference to any former 
position. 

fixed and flashing light. A fixed light varied at regular intervals by one or more 
flashes of greater brilliance. 

fixed and group flashing light. A fixed light varied at regular intervals by a group 
of two or more flashes of greater brilliance. 

fixed light. A light having constant luminous intensity. 

flashing. The process of reducing the amount of permanent magnetism in a vessel 
by placing a single coil horizontally around the vessel and energizing the coil. 

flashing light. A light showing one or more flashes at regular intervals, the dura- 
tion of light being less than that of darkness. 

Flinders bar. A bar of soft unmagnetized iron placed in a vertical position near 
a magnetic compass to counteract deviation caused by magnetic induction in vertical 
soft iron of the craft. 

float chamber. A sealed, hollow part attached to the compass card of a magnetic 
compass as part of the compass card assembly. 

floe. Sea ice, either a single unbroken piece or many individual pieces, covering 
an area of water. 

floeberg. A mass of heavily hummocked sea ice resembling an iceberg in ap- 
pearance. 

flood current. Tidal current moving toward land or up a tidal stream. 

focal length. The distance between the optical center of a lens, or the surface of 
a mirror, and its focus. 

focal point. Focus. 

focus (pl. foci). That point at which parallel rays of light meet after being re- 
fracted by a lens or reflected by a mirror. 

fog. A visible assemblage of numerous tiny droplets of water, or ice crystals 
formed by condensation of water vapor in the air, with the base at the surface of the 
earth. 

fog signal. A warning signal transmitted by a vessel or aid to navigation during 
periods of low visibility. 

form line. An approximation of a contour without a definite elevation value. 

foul berth. A berth in which a vessel at anchor is in danger of striking or fouling 
another vessel, the ground, or an obstruction. 
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four-point bearing. A relative bearing of 045° or 315°. 

frequency. The rate at which a cycle is repeated. 

frequency modulation. The process of changing the frequency of a carrier wave 
in accordance with the variations of a modulating wave. 

front. The intersection of a frontal surface and a horizontal plane. 

frontal surface. The thin zone of discontinuity between two air masses. 

frost smoke. Fog produced by apparent steaming of a relatively warm sea in the 
presence of much colder air. 

gain. The ratio of output voltage, current, or power to input voltage, current, or 
power in electronic equipment. 

galaxy. A vast assemblage of stars, nebulae, etc., composing an island universe. 

gas buoy. A buoy having a gas light. 

gauss. The centimeter-gram-second electromagnetic unit of magnetic induction. 

Gaussin error. Deviation of a magnetic compass due to transient magnetism 
which remains in a vessel’s structure for short periods after the inducing force has 
been removed. 

gee. An electronic navigation system providing hyperbolic lines of position 
similar to those of loran. 

general chart. A nautical chart intended for offshore coastwise navigation. 

geocentric latitude. The angle between the plane of the equator and a line from 
a point on the surface of the earth to the center of the earth. 

geocentric parallax. The difference in the apparent direction or position of a 
celestial body as observed from the center of the earth and a point on its surface. 

geodesic line. The shortest line, on a mathematically derived surface, between 
two points on that surface. 

geodesy. That science which deals mathematically with the size and shape of 
the earth, and with surveys in which this is considered. 

geodetic latitude. The angle between the plane of the equator and a normal 
to the spheroid. 

geodetic line. A geodesic line on the spheroidal earth. 

geodetic longitude. The angle between the plane of the prime meridian and the 
plane through the polar axis and a normal to the spheroid. 

geodetic survey. A survey which takes into account the size and shape of the 
earth. 

geographical mile. The length of one minute of arc of the equator, or 6087.090 
feet (on the Clarke spheroid of 1866). 

geographical position. 1. That point on the earth at which a given celestial body 
is in the zenith at a specified time. 2. Any position on the earth defined by means of 
its geographical coordinates. 

geographic latitude. Geodetic latitude. 

geographic longitude. Geodetic longitude. 

geographic range. The extreme distance at which an object or light can be seen 
when limited by the curvature of the earth and the heights of the object and the observer. 

geoid. The figure of the earth as defined by mean sea level over the entire surface 
of the earth. 

geoidal horizon. That circle of the celestial sphere formed by the intersection 
of the celestial sphere and a plane through a point on the sea-level surface of the earth, 
and perpendicular to the zenith-nadir line. 

geomagnetic electrokinetograph. A device for measurement of the lateral com- 


ponent of the speed of an ocean current by means of two pairs of electrodes towed 
astern. 


APPENDIX C: GLOSSARY 927 


geomagnetic equator. That terrestrial great circle everywhere 90° from the 
geomagnetic poles. 

geomagnetic pole. Either of two points marking the intersection of the earth’s 
surface with the extended axis of a hypothetical bar magnet at the center of the earth 
and approximating the source of the actual magnetic field of the earth. 

geomagnetism. The magnetism of the earth. 

geometrical dip. The vertical angle, at the eye of an observer, between the 
horizontal and a straight line tangent to the surface of the earth. 

geometrical horizon. Originally, the celestial horizon; now more commonly the 
intersection of the celestial sphere and a cone tangent to the surface of the earth and 
with its apex at the eye of the observer. 

geometric projection. Perspective projection. 

ghost. 1. A radar signal the origin of which cannot readily be determined. 2. 
A signal, on a scope, which is not repeated each time a trace is made. 

gibbous. Bounded by convex curves. 

gimballing error. That error introduced in a gyro compass by the tilting of the 
gimbal mounting system due to horizontal acceleration, as during a roll. 

gimbals. A device for supporting anything, such as an instrument, in such a 
manner that it remains essentially horizontal when the support tilts. 

glacier. A field or stream of ice which moves or has moved slowly down an 
incline. 

gnomonic projection. A map projection in which points on the surface of a 
sphere or spheroid, such as the earth, are conceived as projected by radials from the 
center to a tangent plane. 

goniometer. An instrument for measuring angles. 

gradient. The change of any quantity with distance in any given direction. 

gradient tints. A series of color tints used on some charts to indicate relative 
heights or depths. 

graduation error. Inaccuracy in the graduations of the scale of an instrument. 

graph. A diagram indicating the relationship between two or more variables. 

grass. Sharp, closely spaced deflections of the trace of a cathode ray tube, pro- 
duced by random interference. 

graticule. The network of lines representing parallels and meridians on a map, 
chart, or plotting sheet. 

great circle. The intersection of a sphere and a plane through its center. 

great-circle bearing. The initial direction of a great circle through two terrestrial 
points. 

great-circle chart. A chart on which a great circle appears as a straight line or 
approximately so, particularly a chart on the gnomonic projection. 

great-circle course. The direction of the great circle through the point of depar- 
ture and the destination. 

great-circle distance. The length of the shorter are of the great circle joining 
two points. 

great-circle sailing. Any method of solving the various problems involving courses, 
distances, etc., as they relate to a great-circle track. 

great-circle track. The track of a craft following a great circle, or a great circle 
which it is intended a craft will follow approximately. 

greater ebb. The stronger of two ebb currents occurring during a tidal day. 

greater flood. The stronger of two flood currents occurring during a tidal day. 

greatest elongation. The maximum angular distance of a body of the solar 
system from the sun, as observed from the earth. 
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Greenwich apparent time. Local apparent time at the Greenwich meridian; 
the arc of the celestial equator, or the angle at the celestial pole, between the lower 
branch of the Greenwich celestial meridian and the hour circle of the apparent (true) 
sun, measured westward from the lower branch of the Greenwich celestial meridian 
through 24 hours; Greenwich hour angle of the apparent or true sun, expressed in time 
units, plus 12 hours. 

Greenwich civil time. Greenwich mean time. 

Greenwich hour angle. Local hour angle at the Greenwich meridian ; angular dis- 
tance west of the Greenwich celestial meridian; the arc of the celestial equator, or the 
angle at the celestial pole, between the upper branch of the Greenwich celestial meri- 
dian and the hour circle of a point on the celestial sphere, measured westward from 
the Greenwich celestial meridian through 360°. 

Greenwich mean time. Local mean time at the Greenwich meridian; the arc of 
the celestial equator, or the angle at the celestial pole, between the lower branch of 
the Greenwich celestial meridian and the hour circle of the mean sun, measured west- 
ward from the lower branch of the Greenwich celestial meridian through 24 hours; 
Greenwich hour angle of the mean sun, expressed in time units, plus 12 hours. 

Greenwich meridian. The meridian through Greenwich, England, serving as the 
prime meridian and the reference meridan for Greenwich time. 

Greenwich sidereal time. Local sidereal time at the Greenwich meridian; the 
arc of the celestial equator, or the angle at the celestial pole, between the upper branch 
of the Greenwich celestial meridian and the hour circle of the vernal equinox, measured 
westward from the upper branch of the Greenwich celestial meridian through 24 hours; 
Greenwich hour angle of the vernal equinox, expressed in time units. 

grid. 1. A series of lines, usually straight and parallel, superimposed on a chart 
or plotting sheet to serve as a directional reference for navigation. 2. Two sets of 
mutually perpendicular lines dividing a map or chart into Squares or rectangles to 
permit location of any point by a system of rectangular coordinates. 

grid amplitude. Amplitude relative to grid east or grid west. 

grid azimuth. Azimuth relative to grid north. 

grid bearing. Bearing relative to grid north. 

grid course. Course relative to grid north. 

grid declination. The angular difference between grid north and true north. 

grid heading. Heading relative to grid north. 

grid latitude. Fictitious latitude on a navigational grid. 

grid longitude. Fictitious longitude on a navigational grid. 

grid navigation. Navigation by the use of grid directions. 

grid north. An arbitrary reference direction used with grid navigation. 

grid variation. The angular difference between magnetic north and grid north. 

grivation. Grid variation. 

grounding. The touching of the bottom by a vessel. 

ground swell. A long ocean wave, or series of waves, in shoal water, at a consid- 
erable distance from its origin. 

ground tackle. The anchors, anchor chains, fittings, etc., used for anchoring a 
vessel. 

ground wave. That portion of a radio wave in proximity to and affected by the 
ground. 

group flashing light. A light showing groups of flashes at regular intervals, the 
duration of light being less than that of darkness. 

group occulting light. A light having groups of eclipses at regular intervals, the 
duration of light being equal to or greater than that of darkness. 
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growler. A small iceberg, piece broken from an iceberg, or detached piece of sea 
ice, large enough to be a hazard to shipping but small enough that it may escape 
detection. 

gyro compass. A compass having one or more gyroscopes as the directive element, 
and tending to indicate true north. 

gyro error. The error in the reading of the gyro compass. 

gyro pilot. An automatic device for steering a vessel by means of control signals 
from a gyro compass. 

gyro repeater. That part of a remote-indicating gyro compass system which 
repeats at a distance the indications of the master gyro compass. 

gyro sextant. A sextant provided with a gyroscope to indicate the horizontal. 

hachures. Short lines on maps or charts, to indicate the slope of the ground. 

hack watch. A watch used for timing observations of celestial bodies, regulating 
ship’s clocks, ete. 

half pulse repetition rate delay. An interval of time equal to half the pulse repeti- 
tion rate of a pair of loran transmitters, introduced as a delay between transmission 
of the master and slave signals. 

half-tide level. The level midway between mean high water and mean low water. 

hand lead (léd). A light sounding lead (7 to 14 pounds), usually having a line of 
not more than 25 fathoms. 

harbor chart. A nautical chart intended for navigation and anchorage in harbors 
and smaller waterways. 

hard iron. Iron or steel which is not readily magnetized by induction, but which 
retains a high percentage of the magnetism acquired. 

haul. Of the wind, to shift in a counterclockwise direction, or to shift forward 
of a vessel. 
1—cos 

2 

haze. Fine dust or salt particles in the air, too small to be individually apparent 
but in sufficient number to reduce visibility and cast a bluish or yellowish veil over 
the landscape, subduing its colors. 

heading. The horizontal direction in which a craft is pointed. It is usually meas- 
ured from 000° at the reference direction clockwise through 360°. 

heading angle. Heading measured from 0° at the reference direction clockwise 
or counterclockwise through 90° or 180°. 

heading line. A line extending in the direction of a heading. 

heading-upward plan position indicator. A plan position indicator with the head- 
ing of the craft maintained at the top of the indicator. 

headway. Motion in a forward direction. 

heel. Lateral inclination, as of a vessel during a roll or when listed. 

heeling adjuster. A dip needle with a sliding weight that can be moved along 
one of its arms to balance the magnetic force, used to determine the correct position 
of a heeling magnet. 

heeling error. The change in the deviation of a magnetic compass when a craft 
heels. 

heeling magnet. A permanent magnet placed vertically in a tube under the center 
of a magnetic compass, to correct for heeling error. 

height of eye correction. That correction to sextant altitude due to dip of the 
horizon. 

height of tide. Vertical distance from the tidal datum to the level of the water 
at any time. 


haversine. Half of the versine, or 
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heliocentric parallax. The difference in the apparent positions of a celestial body 
outside the solar system, as observed from the earth and sun. 

high altitude method. The establishing of a circular line of position from the 
observation of the altitude of a celestial body by means of the geographical position 
and zenith distance of the body. 

higher high water. The higher of two high tides occurring during a tidal day. 

higher low water. The higher of two low tides occurring during a tidal day. 

high frequency. Radio frequency of three to 30 megacycles per second. 

high tide. The maximum height reached by a rising tide. 

high water. High tide. 

high water full and change. The average interval of time between the transit 
(upper or lower) of the full or new moon and the next high water. 

high water inequality. The difference between the height of the two high tides 
during a tidal day. 

high water lunitidal interval. The interval of time between the transit (upper or 
lower) of the moon and the next high water at a place. 

hiran. High precision shoran. 

homing. Navigation toward a point by maintaining constant some navigational 
coordinate(s), usually bearing. 

hop. Travel of a radio wave to the ionosphere and back to earth. 

horizon. That great circle of the celestial sphere midway between the zenith and 
nadir, or a line resembling or approximating such a circle. 

horizon glass. That glass of a marine sextant attached to the frame, through which 
the horizon is observed. 

horizon system of coordinates. Altitude and azimuth or altitude and azimuth angle. 

horizontal parallax. The geocentric parallax of a celestial body on the celestial 
horizon. 

hour angle. Angular distance west of a celestial meridian or hour circle; the arc 
of the celestial equator, or the angle at the celestial pole, between the upper branch 
of a celestial meridian or hour circle and the hour circle of a point on the celestial 
sphere, measured westward through 360°. 

hour circle. On the celestial sphere, a great circle through the celestial poles. 

humidity. The amount of water vapor in the air. 

hummock. A mound or hill in pressure ice. 

hunting. Fluctuation about a mid-point, due to instability, as oscillation of the 
needle of an instrument about the zero point. 

hydrographic survey. A survey of a water area. 

hydrography. That science which deals with the measurement of the physical 
features of waters and their marginal land areas, with special reference to the elements 
that affect safe navigation, and the publication of such information in a form suitable 
for use of navigators. 

hydrolant. An urgent notice of dangers to navigation in the Atlantic. 

hydrometeor. Any product from the condensation of atmospheric water vapor, 
whether formed in the free atmosphere or at the earth’s surface. 

hydropac. An urgent notice of dangers to navigation in the Pacific. 

hydrophone. A listening device for receiving underwater sounds. 

hygrometer. An instrument for measuring the humidity of the air. 

hyperbolic line of position. A line of position determined by measuring the differ- 
ence in distance to two fixed points. 

hypsometric tints. Gradient tints. 

ice anchor. An anchor used for securing a vessel to ice. 
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ice barrier. Impenetrable ice. 

iceberg. A mass of land ice which has broken away from its parent formation 
on the coast and either floats in the sea or is stranded. 

ice buoy. A sturdy buoy, usually a metal spar, used to replace a more easily 
damaged buoy during a period when heavy ice is anticipated. 

ice chart. A chart showing prevalence of ice, usually with reference to navigable 
waters. 

ice field. Sea ice covering an area greater than five miles across. 

ice jam. An accumulation of broken ice caught in a narrow part of a stream or 
blown against the shore of a lake. 

ice shelf. A thick ice formation with level surface extending over the sea but 
attached to the land. 

ice tongue. A narrow peninsula of ice. 

index chart. An outline chart showing the limits and identifying designations of 
charts, volumes of sailing directions, etc. 

index correction. That correction due to index error. 

index error. That error in the reading of an instrument equal to the difference 
between the zero of the scale and the zero of the index. 

index mirror. That mirror attached to the index arm of a marine sextant. 

indirect wave. Any wave which arrives by an indirect path, having undergone 
an abrupt change of direction by refraction or reflection. 

induced magnetism. Magnetism acquired by a piece of magnetic material while 
it is in a magnetic field. 

inertial navigation. Dead reckoning performed automatically by a device which 
gives a continuous indication of position by double integration of accelerations since 
leaving a starting point. 

infrared. Having a frequency immediately beyond the red end of the visible 
spectrum. 

initial great-circle course. The great-circle course at the point of departure. 

inshore. In or near the shore. 

installation error. That error of an instrument reading due to incorrect installa- 
tion of the instrument. 

instrument error. The inaccuracy of an instrument due to imperfections within 
the instrument. 

instrument shelter. A cage or screen in which a thermometer and sometimes 
other instruments are placed to shield them from conditions that would interfere with 
registration of true conditions. 

intercardinal point. Northeast, southeast, southwest, or northwest. 

intercardinal rolling error. Quadrantai error of a gyro compass. 

intercept. Altitude difference. 

international nautical mile. The nautical mile, of 1,852 meters. 

interpolation. The process of determining intermediate values between given 
values in accordance with some known or assumed rate or system of change. 

interrupted quick flashing light. A light showing quick flashes for several seconds, 
followed by a period of darkness. 

inverse Mercator projection. Transverse Mercator projection. 

inversion. A condition of the atmosphere in which temperature increases with 
height. 

ionosphere. That part of the earth’s atmosphere composed of several layers of 
ionized gas, at a height of about 50 to 250 miles, which bend certain radio waves back 
toward the surface of the earth. 
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irradiation. The apparent enlargement of a bright surface against a darker 
background. 

isobar. A line connecting points having the same atmospheric pressure reduced 
to a common datum. 

isoclinal. A line connecting points of equal magnetic dip. 

isoclinal chart. A chart showing isoclinals. 

isogonic. A line connecting points of equal magnetic variation. 

isogonic chart. A chart showing isogonics. 

isogriv. A line connecting points of equal grid variation. 

isogriv chart. A chart showing isogrivs. 

isomagnetic. A line connecting points of equality in some magnetic element. 

isomagnetic chart. A chart showing isomagnetics. 

isopor. A line connecting points of equal rate of change of any magnetic element. 

isoporic chart. A chart showing isopors. 

isotherm. A line connecting points of equal temperature. 

junction buoy. A buoy marking the junction of two channels or two parts of a 
channel, when proceeding from seaward. 

K-band. A radio-frequency band of 10,900 to 36,000 megacycles. 

Kelvin temperature. Temperature based upon a scale starting at absolute zero 
(—273°15 C) and using Celsius degrees. 

kilocycle. One thousand cycles. 

kilometer. One thousand meters (about 0.54 nautical mile). 

Knot. A unit of speed equal to one nautical mile per hour. 

Lambert conformal projection. A conformal conic map projection in which the 
surface of a sphere or spheroid, such as the earth, is conceived as developed on a cone 
which intersects the sphere or spheroid at two standard parallels. 

land effect. Coastal refraction. 

landfall. The first sighting of land when approached from seaward. 

land ice. All ice formed on land. 

landmark. A conspicuous object on land, serving as an indicator for guidance or 
warning. 

land mile. Statute mile. 

land navigation. Navigation across the surface of land or ice. 

Jane. 1. An established route. 2. One of the sections of the coverage area for a 
phase comparison system, such as Decca, in which every phase relationship may be 
measured. 

lapse rate. The rate of decrease of temperature in the atmosphere with height. 

large scale. A scale involving a relatively small reduction in size. 

latitude. Angular distance north or south of the equator; the arc of a meridian 
between the equator and a point on the surface of the earth, measured northward or 
southward from the equator through 90°, and labeled N or S to indicate the direction 
of measurement. 

latitude factor. The change in latitude along a celestial line of position for a 1’ 
change in longitude. 

latitude line. A line of position extending in a generally east-west direction. 

lattice. A pattern formed by two or more families of intersecting lines, such as 
loran lines of two or more rates of overlapping coverage. 

L-band. A radio-frequency band of 390 to 1,550 megacycles. 

lead (léd). A weight attached to a line. 


lead (léd). A long, narrow, navigable passage through pack ice, between rocks 


or shoals, ete. 
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leader cable. A cable carrying an electric current, signals from or the magnetic 
influence of which indicate the path to be followed by a craft equipped with suitable 
instruments. 

leading light(s). A light or lights arranged to indicate the path to be followed. 

lead line. The line attached to a sounding lead. 

lee. That side toward which the wind blows. 

leeway. The leeward motion of a vessel, due to wind, expressed as distance, 
speed, or an angle. 

leg. One part of a track, consisting of a single course line. 

legend. A title or explanation on a chart, diagram, illustration, etc. 

lesser ebb. The weaker of two ebb currents occurring during a tidal day. 

lesser flood. The weaker of two flood currents occurring during a tidal day. 

light. A lighted aid to navigation, or its luminous energy. 

lighthouse. A distinctive structure exhibiting a major navigational light. 

light list. A publication tabulating navigational lights and related information. 

light sector. A sector in which a navigational light is visible or has a distinctive 
color. 

lightship. A distinctively marked vessel anchored or moored at a charted point, 
to serve as an aid to navigation. It has a characteristic light or lights, and usually 
other aids. 

light vessel. Lightship. 

limb. 1. The graduated curved part of an instrument for measuring angles. 2. 
The circular outer edge of a celestial body, particularly with respect to the top (upper 
limb) or bottom (lower limb). 

line of position. A line on some point of which a vessel may be presumed to be 
located, as a result of observation or measurement. 

line of soundings. A series of soundings obtained by a vessel underway, usually 
at regular intervals. 

liquid compass. A compass having a bowl completely filled with liquid in which 
the compass card is mounted. 

local apparent noon. The instant at which the apparent (true) sun is over the 
upper branch of the local meridian. 

local apparent time. The arc of the celestial equator, or the angle at the celestial 
pole, between the lower branch of the local celestial meridian and the hour circle of the 
apparent (true) sun, measured westward from the lower branch of the local celestial 
meridian through 24 hours; local hour angle of the apparent (true) sun, expressed in 
time units, plus 12 hours. 

local attraction. Local magnetic disturbance. 

local civil time. Local mean time. 

local hour angle. Angular distance west of the local celestial meridian; the are of 
the celestial equator, or the angle at the celestial pole, between the upper branch of 
the local celestial meridian and the hour cirele of a point on the celestial sphere, meas- 
ured westward from the local celestial meridian through 360°. 

local magnetic disturbance. An anomaly of the magnetic field of the earth, 
extending over a relatively small area, due to local magnetic influences. 

local mean time. The arc of the celestial equator, or the angle at the celestial 
pole, between the lower branch of the local celestial meridian and the hour circle of 
the mean sun, measured westward from the lower branch of the local celestial meridian 
through 24 hours; local hour angle of the mean sun, expressed in time units, plus 12 
hours. 

local meridian. The meridian through any particular place or observer. 
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local sidereal time. The arc of the celestial equator, or the angle at the celestial 
pole, between the upper branch of the local celestial meridian and the hour circle of 
the vernal equinox, measured westward from the upper branch of the local celestial 
meridian through 24 hours; local hour angle of the vernal equinox, expressed in time 
units. 

log. 1. An instrument for measuring the speed or distance, or both, traveled by 
avessel. 2. Deck log. 

long-distance navigation. 1. N avigation requiring only aids usable at long range, 
relatively few of which could provide world coverage. 2. Navigation on a long trip, as 
a voyage across an ocean. 

longitude. Angular distance east or west of the prime meridian; the arc of a par- 
allel, or the angle at the pole, between the prime meridian and the meridian of a point 
on the earth, measured eastward or westward from the prime meridian through 180°, 
and labeled E or W to indicate the direction of measurement. 

longitude factor. The change in longitude along a celestial line of position for a 
1’ change in latitude. 

longitude line. A line of position extending in a generally north-south direction. 

long-range navigation. Long-distance navigation, definition 1. 

loom. The glow of a light which is below the horizon, caused by reflection by 
solid particles in the air. 

loran. An electronic navigational system by which hyperbolic lines of position 
are determined by measuring the difference in the time of reception of synchronized 
pulse signals. 

loran rate. The frequency channel and pulse repetition rate by which a pair of 
loran stations is identified. 

loran tables. Publications containing tabular data for plotting loran lines of 
position. 

lower branch. That half of a meridian or celestial meridian from pole to pole 
which passes through the antipode or nadir of a place. 

lower high water. The lower of two high tides occurring during a tidal day. 

lower limb. That half of the limb (of a celestial body) having the lesser altitude. 

lower low water. The lower of two low tides occurring during a tidal day. 

lower transit. Transit across the lower branch of the celestial meridian. 

low frequency. Radio frequency of 30 to 300 kilocycles per second. 

low tide. The minimum height reached by a falling tide. 

low water. Low tide. 

low water inequality. The difference between the heights of the two low tides 
during a tidal day. 

low water lunitidal interval. The interval of time between the transit (upper or 
lower) of the moon and the next low water at a place. 

loxodrome. Rhumb line. 

lubber’s line. A reference line on any direction-indicating instrument, marking 
the reading which coincides with the heading. 

luminous range. The extreme distance at which a light can be seen when limited 
only by the intensity of the light, clearness of the atmosphere, and sensitiveness of 
the observer’s eyes. 


lunar tide. That part of the tide due solely to the tide-producing force of the 
moon. 

lunitidal interval. The interval of time between the transit (upper or lower) of 
the moon and the next high water or low water at a place. 

magnetic amplitude. Amplitude relative to magnetic east or west. 
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magnetic azimuth. Azimuth relative to magnetic north. 

magnetic bearing. Bearing relative to magnetic north. 

magnetic chart. A chart showing magnetic information. 

magnetic compass. A compass depending for its directive force upon the attraction 
of the magnetism of the earth for a magnet free to turn in any horizontal direction. 

magnetic compass table. Deviation table. 

magnetic course. Course relative to magnetic north. 

magnetic declination. Variation. 

magnetic dip. The angle between the horizontal and lines of force of the earth’s 
magnetic field. 

magnetic equator. That line on the surface of the earth connecting all points at 
which the magnetic dip is zero. 

magnetic field. The space in which a magnetic influence exists. 

magnetic heading. Heading relative to magnetic north. 

magnetic latitude. The angle having a tangent equal to half that of the magnetic 
dip at the place. 

magnetic lines of force. Closed lines indicating by their direction the direction 
of magnetic influence. 

magnetic meridian. A line of horizontal magnetic force of the earth. 

magnetic north. The direction north as indicated by the earth’s magnetic 
lines of force. 

magnetic pole. Either of the two places on the surface of the earth where the 
magnetic dip is 90°. 

magnetic storm. Violent, prolonged disturbance of the magnetic characteristics 
of the earth. 

magnetic track. The direction of the track relative to magnetic north. 

magnetic variation. Variation. 

magnitude. Relative brightness of a celestial body. 

maneuvering board. A polar coordinate plotting sheet devised to facilitate solu- 
tion of problems involving relative movement. 

manual radio direction finder. A radio direction finder which requires manual 
operation. 

map. A representation, usually on a plane surface, of all or part of the surface of 
the earth, celestial sphere, or other area; showing relative size and position, according to 
a given projection, of the various features represented. 

map projection. A representation or method of representing all or part of the 
surface of a sphere or spheroid, such as the earth, upon a plane surface. 

March equinox. Vernal equinox. 

marine navigation. The navigation of water craft. 

marine sextant. A sextant designed primarily for marine navigation. 

master compass. That part of a remote-indicating compass system which deter- 
mines direction for transmission to various repeaters. 

master station. The governing station of two or more synchronized transmitting 
stations. 

maximum ebb. The greatest speed of an ebb current. 

maximum flood. The greatest speed of a flood current. 

mean sea level. The average height of the surface of the sea for all stages of 
the tide, usually determined from hourly readings. 

mean sun. A fictitious sun conceived to move eastward along the celestial equator 
at a uniform rate equal to the average rate of the apparent sun along the ecliptic. 

mean tide level. Half-tide level. 
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mean time. Time based upon rotation of the earth relative to the mean sun. 

measured mile. A length of one nautical mile, the limits of which have been 
accurately measured and are indicated by ranges ashore. 

medium frequency. Radio frequency of 300 to 3,000 kilocycles per second. 

megacycle. One million cycles. 

Mercator projection. A conformal cylindrical map projection in which the surface 
of a sphere or spheroid, such as the earth, is conceived as developed on a cylinder 
tangent along the equator, with the expansion of the meridians being equal to that of the 
parallels. 

Mercator sailing. A method of solving the various problems involving course, 
distance, difference of latitude, difference of longitude, and departure by considering 
them in the relation in which they are plotted on a Mercator chart. 

mercurial barometer. An instrument which determines atmospheric pressure 
by measuring the height of a column of mercury which the atmosphere will support. 

meridian. A great circle through the geographical poles of the earth or a similar 
body. 

meridian altitude. The altitude of a celestial body when it is on the celestial 
meridian. 

meridian angle. Angular distance east or west of the local celestial meridian ; the 
arc of the celestial equator, or the angle at the celestial pole, between the upper branch 
of the local celestial meridian and the hour circle of a point on the celestial sphere, 
measured eastward or westward from the local celestial meridian through 180°, and 
labeled E or W to indicate the direction of measurement. 

meridian observation. Measurement of meridian altitude, or the altitude so 
measured. 

meridian passage. Meridian transit. 

meridian sailing. Following a true course of 000° or 180°. 

meridian transit. The passage of a celestial body across a celestial meridian. 

meridional difference. The difference between the meridional parts of any two 
given parallels. 

meridional parts. The length of the arc of a meridian between the equator and a 
given parallel on a Mercator chart, expressed in units of 1’ of longitude at the equator. 

meteorological tide. A change in water level due to meteorological conditions. 

meteorology. The science of the atmosphere. 
micrometer drum. A cylinder having a vernier for precise measurement, as on 
certain type sextants. 

micrometer drum sextant. A marine sextant providing a precise reading by means 
of a micrometer drum attached to the index arm, and having an endless tangent screw 
for controlling the position of the index arm. 

microsecond. One-millionth of a second. 

microwave. A very short radio wave, usually one shorter than one meter. 

middle ground. A shoal with channels on both sides. 

middle latitude. Half the arithmetical sum of the latitudes of two places on the 
same side of the equator. 

middle-latitude sailing. A method of converting departure into difference of 
longitude, or vice versa, when the course is not 090° or 270°, by assuming that such a 
course is steered at the middle latitude. 

mid latitude. Middle latitude. 

millibar. A unit of pressure equal to 1,000 dynes per square centimeter. 

millisecond. One-thousandth of a second. 

mist. Thin fog of relatively large particles, or very fine rain. 
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mixed current. A type of tidal current characterized by a conspicuous difference 
in speed between the two flood currents or two ebb currents usually occurring each tidal 
day. 

mixed tide. A type of tide having a large inequality in the heights of either the 
two high tides or the two low tides usually occurring each tidal day. 

modified Lambert conformal projection. A modification of the Lambert con- 
formal projection for use in polar regions, the higher standard parallel being almost 
at the pole, and the parallels being expanded slightly to form complete concentric 
circles. 

modulation. Variation of some characteristic of a wave, called the carrier wave, in 
accordance with instantaneous values of another wave, called the modulating wave. 

most probable position. That position of a craft judged to be most accurate when 
the exact position is not known. 

Mumetal. The trade name for an alloy of nickel and iron used for temporary 
magnets. 

nadir. That point on the celestial sphere vertically below the observer, or 180° 
from the zenith. 

name. The label of a numerical value, particularly the N (north) or 5 (south) 
label of latitude and declination. 

natural scale. The ratio between the linear dimensions of a chart, drawing, etc., 
and the actual dimensions represented, expressed as a proportion. 

nautical almanac. A periodical publication of astronomical data designed pri- 
marily for marine navigation. 

nautical astronomy. Navigational astronomy. 

nautical chart. A chart intended primarily for marine navigation. 

nautical mile. A unit of distance equal to 1,852 meters (6,076.11549 U.S. feet, 
approximately). This is equal approximately to the length of 1’ of latitude. 

nautical twilight. The period of incomplete darkness when the upper limb of the 
sun is below the visible horizon, and the center of the sun is not more than 12° below 
the celestial horizon. 

naveam. An urgent notice of dangers to navigation in Eastern Atlantic or 
Mediterranean waters. 

navigable semicircle. That half of a cyclonic storm area to the left of the storm 
track in the northern hemisphere, and to the right of the storm track in the southern 
hemisphere. In this semicircle the winds are weaker and tend to blow a vessel away 
from the path of the storm. 

navigation. The process of directing the movement of a craft from one point to 
another. 

navigational aid. An instrument, device, chart, method, etc., intended to assist 
in the navigation of a craft. 

navigational astronomy. ‘That part of astronomy of direct use to a navigator, 
comprising principally celestial coordinates, time, and the apparent motions of celestial 
bodies. 

navigational planets. The four planets commonly observed in celestial navigation ; 
Venus, Mars, Jupiter, and Saturn. 

navigational triangle. The spherical triangle solved in computing altitude and 
azimuth and great-circle sailing problems. 

neap tides. The tides occurring near the times of first and last quarter of the 
moon, when the range of tide tends to decrease. 

Ney’s projection. Modified Lambert conformal projection. 

night effect. A radio bearing error occurring chiefly at night. 
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nightmark. An object of distinctive characteristics serving as an aid to navigation 
during darkness. 

night order book. A notebook in which the commanding officer of a vessel writes, 
as a guide to deck watch officers, various memoranda and orders relating to the naviga- 
tion of the vessel during the night. 

nimbostratus. A dark, low, shapeless cloud layer (mean upper level below 6,500 
ft.) usually nearly uniform; the typical rain cloud. 

nimbus. A characteristic rain cloud. 

noise. Random interference which appears as extraneous signals in radio receivers 
or on the scope of electronic instruments. 

noon constant. A predetermined value added to a meridian or ex-meridian sextant 
altitude to determine the latitude. 

noon sight. Measurement of the altitude of the sun at local apparent noon, or 
the altitude so measured. 

northing. The distance a craft makes good to the north. 

north-upward plan position indicator. A plan position indicator with north at the 
top of the indicator regardless of heading. 

null. Minimum or zero signal. 

nun buoy. A buoy the above water part of which is in the shape of a cone or a 
truncated cone. 

nutation. Irregularities in the precessional motion of the equinoxes. 

oblique Mercator projection. A conformal cylindrical map projection in which 
points on the surface of a sphere or spheroid, such as the earth, are conceived as devel- 
oped by Mercator principles on a cylinder tangent along an oblique great circle. 

observed altitude. Corrected sextant altitude. 

observed latitude. Latitude determined by means of an observation. 

observed longitude. Longitude determined by means of an observation. 

occluded front. The front formed when a cold front overtakes a warm front. 

occulting light. A light totally eclipsed at intervals, the duration of light being 
equal to or greater than that of darkness. 

oceanography. The application of the sciences to the phenomena of the oceans. 

ocean station vessel. A ship which remains close to an assigned position at sea 
to take weather observations, assist aircraft, ete. 

oersted. The centimeter-gram-second electromagnetic unit of magnetic intensity. 

offshore. Away from the shore. 

off soundings. In an area where the depth of water cannot be measured by an 
ordinary sounding lead, generally considered to be beyond the 100-fathom line. 

omnidirectional. In all directions. 

on soundings. In an area where the depth of water can be measured by an 
ordinary sounding lead, generally considered to be within the 100-fathom line. 

on the beam. Bearing approximately 090° relative (‘‘on the starboard beam’’) or 
270° relative (‘‘on the port beam’). 

on the bow. Bearing approximately 045° relative (“on the starboard bow’’) or 
315° relative (‘‘on the port bow”). 

on the quarter. Bearing approximately 135° relative (“on the starboard quarter’’) 
or 225° relative (“on the port quarter”), 

opposition. The situation of two celestial bodies having either celestial longitudes 
or sidereal hour angles differing by 180°. 

ordinate. The vertical coordinate of a set of rectangular coordinates. 

orthographic projection. A perspective azimuthal projection in which the project- 
ing lines, emanating from a point at infinity, are perpendicular to a tangent plane. 
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orthomorphic projection. A projection in which very small shapes are correctly 
represented. 

overfalls. Short, breaking waves occurring when a current passes over a shoal or 
other submarine obstruction or meets a contrary current or wind. 

pack. A large field of floating pieces of sea ice which have drifted together. 

parallactic angle. That angle of the navigational triangle at the celestial body. 

parallax. The difference in the apparent direction or position of an object when 
viewed from different points. 

parallax in altitude. Geocentric parallax of a celestial body at any given altitude. 

parallel. A circle on the surface of the earth, or a similar body, parallel to the 
plane of the equator and connecting all points of equal latitude, or a closed curve 
resembling or approximating such a circle. 

parallel of altitude. A circle of the celestial sphere parallel to the horizon, con- 
necting all points of equal altitude. 

parallel of declination. A circle of the celestial sphere parallel to the celestial 
equator. 

parallel of latitude. 1. Parallel. 2. A circle of the celestial sphere, parallel to 
the ecliptic, and connecting points of equal celestial latitude. 

parallel rulers. An instrument for transferring a line parallel to itself. 

parallel sailing. A method of converting departure into difference of longitude, 
or vice versa, when the true course is 090° or 270°. 

patent log. Any mechanical log, particularly a taffrail log. 

P-band. A radio-frequency band of 225 to 390 megacycles. 

pelorus. A dumb compass, or a compass card without a directive element, 
suitably mounted to provide means for measuring bearings. 

per gyro compass. Relating to the gyro compass. 

perigean tides. Tides of increased range occurring when the moon is near perigee. 

perigee. That orbital point nearest the earth. when the earth is the center of 
attraction (as in the case of the moon). 

perihelion. That orbital point nearest the sun when the sun is the center of 
attraction (as in the case of a planet). 

Permalloy. The trade name for an alloy of nickel and iron, which is easily 
magnetized and demagnetized. 

permanent magnetism. Magnetism which is retained for long periods without 
appreciable reduction, unless the magnet is subjected to a demagnetizing force. 

personal error. A systematic error in observations due to the characteristics of 
the observer. 

perspective projection. The representation of a figure on a surface by means of 
projecting lines emanating from a single point. 

per standard compass. Relating to the standard magnetic compass. 

per steering compass. Relating to the magnetic steering compass. 

phase correction. That correction to sextant altitude due to offset of the apparent 
center of a body because of its phase. 

photogrammetry. The art or science of surveying by photography. 

pilot chart. A chart giving information on ocean currents, weather, and other 
items of interest to a navigator. 

piloting. Navigation involving frequent or continuous determination of position 
or a line of position relative to geographical points, to a high order of accuracy. 

pilot station. The place where the services of a pilot may be obtained. 

pilot waters. 1. Areas in which the services of a pilot are desirable. 2. Waters 
in which navigation is by piloting. 
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Pitot tube. A tube with an open end pointed toward a moving stream of fluid. — 
It is usually associated with a coaxial or nearly parallel tube having holes in its side to 
permit measurement of static pressure. 

plane sailing. A method of solving the various problems involving course, dis- 
tance, difference of latitude, and departure, in which the earth or a small part of it is 
considered a plane. 

plan position indicator. A radar scope which provides a maplike presentation 
of the surrounding area. 

plot. A drawing consisting of lines and points graphically representing certain 
conditions, as the progress of a craft. 

plotter. An instrument for plotting lines and measuring angles on a chart or plot- 
ting sheet. 

plotting chart. A chart designed primarily for plotting dead reckoning, lines of 
position from celestial observations, or radio aids, ete. 

plotting sheet. A blank chart showing only the graticule and one or more compass 
roses, so that the plotting sheet can be used for any longitude. 

point of arrival. The position a craft is assumed to have reached or will reach after 
following specified courses for specified distances from a specified point. 

point of departure. The point from which the initial course to reach the destina- 
tion begins. 

point of destination. The point at which the final course from the point of de- 
parture ends, exclusive of the courses needed to reach a berth. 

polar distance. Angular distance from a celestial pole, usually the elevated 
pole. 

Polaris correction. A correction to be applied to the observed altitude of Polaris 
to obtain the latitude. 

polarization error. That radio bearing error due to horizontally polarized com- 
ponents of the electric field under certain transmission conditions. 

polar navigation. Navigation in polar regions. 

polar projection. A map projection centered on a pole. 

pole. 1. Hither of the two points of intersection of the surface of the earth or 
similar body and its axis. 2. A magnetic pole. 

polyconic projection. A conic map projection in which the surface of a sphere or 
spheroid, such as the earth, is conceived as developed on a series of tangent cones, 
which are then spread out to form a plane. 

position. A point defined by stated or implied coordinates, particularly one on 
the surface of the earth. 

position angle. Parallactic angle. 

post meridian. After noon. 

precession. Change in the direction of the axis of rotation of a spinning body, 
as a gyroscope, when acted upon by a torque. 

precession of the equinoxes. The conical motion of the earth’s axis about the 
vertical to the plane of the ecliptic, caused by the attractive force of the sun, moon, 
and other planets on the equatorial protuberance of the earth. It produces a slow 
change in declination and sidereal hour angle of stars. 

precomputed altitude. The altitude of a celestial body computed before observa- 
tion, and with the sextant altitude corrections applied with reversed sign. 

pressure ice. Sea ice having any readily observed roughness of the surface. 

primary radar. Radar using only reflection for indication of targets. 

primary tide station. A place at which continuous tide observations are made over 
a number of years to obtain basic tidal data for the locality. 
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prime meridian. The meridian of longitude 0°, used as the origin for the measure- 
ment of longitude. 

prime vertical. Prime vertical circle. 

prime vertical circle. That vertical circle through the east and west points of the 
horizon. 

principal vertical circle. That vertical circle through the north and south points 
of the horizon, coinciding with the celestial meridian. 

prismatic error. That error due to lack of parallelism of the two faces of an 
optical element, such as a mirror or a shade glass. 

profile. A graph showing elevation or distribution of some property along a line; 
as the graphic record made by a recording echo sounder while a vessel is underway. 

proper motion. That component of the space motion of a celestial body per- 
pendicular to the line of sight, resulting in the change of a star’s apparent position 
relative to other stars. 

proportional parts. Numbers in the same proportion as a set of given numbers, 
used as an aid to interpolation. 

protractor. An instrument for measuring angles on a surface; an angular scale. 

psychrometer. An instrument consisting of suitably mounted dry-bulb and 
wet-bulb thermometers for determining relative humidity and dew point. 

pulse. A very short burst of electromagnetic energy. 

pulse duration. The time interval during which the amplitude of a pulse is at or 
greater than a specified fraction of the maximum value. 

pulse interval. The time interval between corresponding parts of successive 
pulses in a sequence characterized by uniform spacing. 

pulse length. Pulse duration. 

pulse modulation. The process of forming very short bursts of a carrier wave, 
separated by relatively long periods during which no carrier wave is transmitted. 

pulse recurrence rate. Pulse repetition rate. 

pulse repetition rate. The rate at which recurrent pulses are transmitted, usually 
expressed in pulses per second. 

pulse separation. The time interval between the trailing edge of one pulse and 
the leading edge of the next pulse. 

pulse train. A group of related pulses, constituting a series. 

pulse width. Pulse duration. 

pumping. Unsteadiness in the height of the mercury column of a barometer. 

Q-band. A radio-frequency band of 36,000 to 46,000 megacycles. 

quadrant. An instrument similar to a sextant but having a range of 180°. Usually 
called a “‘sextant.’’ 

quadrantal correctors. Masses of soft iron placed near a magnetic compass to 
correct for quadrantal deviation. 

quadrantal deviation. Deviation which changes its sign (E or W) approximately 
each 90° change of heading. 

quadrantal error. An error which changes sign (plus or minus) each 90°. 

quadrantal spheres. Spherical quadrantal correctors. 

quick flashing light. A light showing short flashes at the rate of not less than 
60 per minute. 

quintant. An instrument similar to a sextant but having a range of 144°. Usually 
called a ‘‘sextant.” 

race. A rapid current or a constricted channel in which such a current flows. 

racon. A nondirectional radar beacon which returns a coded signal when triggered 
by a radar signal. 
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radar. A system of determining distance of an object by measuring the time 
interval between transmission of a pulse signal and reception of a signal returned as 
an echo or by a transmitter triggered by the outgoing signal. The bearing of the 
object can be determined by noting the orientation of the directional antenna. 

radar beacon. <A radiobeacon transmitting a characteristic signal on radar fre- 
quency, permitting a craft to determine the bearing and with some types the distance 
of the beacon. 

radar bearing. A bearing obtained by radar. 

radar conspicuous object. An object which returns a strong radar echo. 

radar horizon. The radio horizon of a radar antenna. 

radar reflector. A device capable of or intended for reflecting radar signals. 

radar shadow. A condition in which radar signals do not reach a region because 
of an intervening obstruction. 

radar target. An object which reflects a sufficient amount of a radar signal to 
produce an echo signal on the radar screen. 

radian. The angle subtended at the center of a circle by an arc equal in length 
to a radius of the circle. It is equal to 180°--7, or approximately 57°17'44"8. 

radiant energy. Energy transmitted by radiation, as sound, heat, light, ete. 

radiation. The emission, transmission, and absorption of radiant energy by 
emanation through space. 

radio. Communication by electromagnetic waves, without a connecting wire. 

radio acoustic ranging. Determining distance by a combination of radio and 
sound, the radio being used to indicate the instant of transmission or reception of the 
sound, and distance being determined by the time of transit of sound, usually in water. 

radio aid to navigation. An aid to navigation transmitting information by radio 
waves. 

radio astronomy. The science which deals with radio and thermal radiation from 
extraterrestrial sources. 

radiobeacon. A radio transmitter emitting a characteristic signal to permit a 
craft with suitable equipment to determine its direction, distance, or position relative 
to the beacon. 

radio bearing. The bearing of a radio transmitter from a receiver, as determined 
by a radio direction finder. 

radio compass. Obsolete expression for radio direction finder. 

radio direction finder. Radio receiving equipment which determines the direction 
of arrival of a signal by measuring the orientation of the wave front, using a loop 
antenna. 

radio direction finder station. A radio station provided with equipment for obtain- 
ing radio bearings, particularly such a station on the shore. 

radio frequency. Any frequency at which electromagnetic radiation of energy 
is useful for communication. 

radio horizon. The line at which direct rays from a transmitting antenna become 
tangent to the earth’s surface. 

radio navigation. Navigation by means of radio. 

radio range. A radio station providing course guidance, or the courses so provided. 

radiosonde. An instrument carried aloft by a free, unmanned balloon and equipped 
with elements for determining temperature, pressure, and relative humidity and 
automatically transmitting the measurements by radio. 

radio time signal. A time cignal sent by radio. 

radio waves. Waves produced by oscillation of an electric charge at a frequency 
useful for radio communication. 


APPENDIX C: GLOSSARY 943 


radius of visibility. The radius of a circle limiting the area in which an objective 
can be seen under specified conditions. 

radome. A radio-transparent housing for a radar antenna assembly. 

ramark. A radar beacon which continuously transmits a signal appearing as a 
radial line on the PPI, the line indicating the direction of the beacon. 

random error. A chance error, unpredictable in magnitude or sign. 

range. 1. Two or more objects in line. 2. Distance in a single direction or along 
a great circle. 3. The extreme distance at which an object or light can be seen, or a 
radio signal can be used. 4. A radio station providing course guidance, or the courses 
so provided. 5. A predetermined line along which a craft moves while certain data are 
recorded, or the station at which this takes place. 

range finder. An optical instrument for measuring the distance to an object. 

range lights. Two or more lights in the same horizontal direction, particularly 
those lights so placed as navigational aids to mark any line of importance to vessels, 
as a channel. 

range of tide. The difference in height between consecutive high and low tides 
at a place. 

range of visibility. The extreme distance at which an object or light can be 
seen. 

Rankine temperature. Temperature based upon a scale starting at absolute zero 
(—459°67 F) and using Fahrenheit degrees. 

rational horizon. Celestial horizon. 

ratio of ranges. The ratio of the ranges of tide at two places. 

ratio of rise. The ratio of the height of tide at two places. 

Réaumur temperature. Temperature based upon a scale in which, under standard 
atmospheric pressure, water freezes at 0° and boils at 80° above zero. 

rectangular projection. A cylindrical map projection with uniform spacing of 
the parallels. 

rectified altitude. Sextant altitude corrected for inaccuracies in the reading 
(instrument, index, and personal errors, as applicable) and inaccuracies in the reference 
level (principally dip or Coriolis), but not for other errors. This is the altitude a 
celestial body appears to be above the celestial horizon, the value measured at an ob- 
servatory, and for this reason is called “apparent altitude’ by astronomers. 

red azimuth tables. H.O. Pub. No. 260, Azimuths of the Sun. 

red magnetism. The magnetism of the north-seeking end of a freely suspended 
magnet. 

red sector. A sector of the circle of visibility of a navigational light in which a 
red light is exhibited. 

reduction. The process of substituting for an observed value one derived there- 
from. 

reduction to the meridian. The process of applying a correction to an altitude 
observed when a celestial body is near the celestial meridian, to find the equivalent 
meridian altitude. 

reference station. A place for which independent daily predictions are given in 
the tide or tidal current tables, from which corresponding predictions are obtained 
for other stations by means of differences or factors. 

refraction. The change in direction of motion of a ray of radiant energy as it 
passes obliquely from one medium into another in which the speed of propagation is 
different. 

relative azimuth. Azimuth relative to heading. 

relative bearing. Bearing relative to heading or to the craft. 
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relative humidity. The percentage of saturation of the air. 

relative movement. Motion of one object or body relative to another. 

relief. Inequalities in the elevations of the terrain, or their representation on a 
chart. 

remote-indicating compass. A compass equipped with one or more indicators 
to repeat at a distance the readings of the master compass. 

repeater. A device for repeating at a distance the indications of an instrument 
or device. 

residual deviation. Deviation of a magnetic compass after adjustment or com- 
pensation. 

resolution. The separation, by a radar or optical system, of parts of an object 
or of two or more objects close together, or the degree of ability to make such a separa- 
tion. 

retired line of position. A line of position which has been moved backward to 
correspond with a time previous to that for which the line was established. 

retrace. The path of the visible dot from the end of one sweep to the start of the 
next sweep across the face of a cathode ray tube. 

retrograde motion. The apparent motion of a planet westward among the stars. 

rhumb bearing. The direction of a rhumb line through two terrestrial points. 

rhumb course. The direction of the rhumb line from the point of departure to 
the destination. 

rhumb line. A line on the surface of the earth making the same oblique angle with 
all meridians. 

rhumb line distance. Distance along a rhumb line. 

right ascension. Angular distance east of the vernal equinox; the arc of the 
celestial equator, or the angle at the celestial pole, between the hour circle of the vernal 
equinox and the hour circle of a point on the celestial sphere, measured eastward from 
the hour circle of the vernal equinox through 24°. 

rise of tide. Vertical distance from the chart datum to a high water datum, 
such as mean high water. 

rocking the sextant. Swinging the arc. 

rotary current. A tidal current which changes direction progressively through 
360° during a tidal-day cycle, without coming to slack water. 

round of sights. A group of sights made over a short period of time. 

running fix. A position determined by crossing lines of position with an appreciable 
time difference between them and advanced or retired to a common time. 

sailing. A method of solving the various problems involving course, distance, 
difference of latitude, difference of longitude, and departure. 

sailing chart. A small-scale nautical chart for offshore navigation. 

Sailing directions. A descriptive book for the use of mariners, containing detailed 
information of coastal waters, harbor facilities, etc., of an area, particularly along 
coasts other than those of the United States. 

St.-Hilaire method. The establishing of a line of position from the observation 
of the altitude of a celestial body by the use of an altitude difference and azimuth. 

same name. A name (such as north or south) the same as that of something else. 
Usually used in connection with declination and latitude. 

S-band. A radio-frequency band of 1,550 to 5,200 megacycles. 

scalar. A quantity having magnitude only. 

scale. 1. A series of marks or graduations at definite intervals. 2. The ratio 


between the linear dimensions of a chart, map, drawing, etc., and the actual dimensions 
represented. 
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scope. The face of a cathode ray tube. 

sea-air temperature difference correction. That sextant altitude correction 
resulting from abnormal refraction occurring when there is a difference in the tempera- 
ture of the water and air at the surface. 

sea anchor. An object towed by a vessel to keep it end-on to a heavy sea or surf 
or to reduce the drift. 

sea buoy. The outermost buoy marking the entrance to a channel or harbor. 

seaice. Ice formed by the freezing of sea water. 

sea level. The height of the surface of the sea. 

seamark. A conspicuous object in the water, serving as an indicator for guidance 
or warning of a craft. 

sea mile. Nautical mile. 

seamount. An elevation of relatively small horizontal extent rising from the 
bottom of the sea. 

sea return. Radar echoes reflected from the sea. 

sea room. Space in which to maneuver without grounding or colliding. 

sea tilt correction. That altitude correction due to tilting of the surface of the sea. 

seaway. A moderately rough sea. 

secondary radar. Radar using automatic retransmission when triggered by a 
radar signal. 

secondary tide station. A place at which tide observations are made over a short 
period to obtain data for a specific purpose. 

sector. Part of a circle bounded by two radii and an arc. 

sectored light. A light having sectors of different colors or the same color in 
specific sectors separated by dark sectors. 

secular. Of or pertaining to a long period of time. 

seismic sea wave. One of a series of ocean waves propagated outward from the 
epicenter of a submarine earthquake. 

semicircular deviation. Deviation which changes sign (E or W) approximately 
each 180° change of heading. 

semidiurnal. Having a period of, occurring in, or related to approximately 
half a day. 

semidiurnal current. Tidal current having two flood currents and two ebb cur- 
rents each tidal day. 

semidiurnal tide. Tide having two high tides and two low tides each tidal day. 

sense. The general direction from which a radio signal arrives. 

sense antenna. An antenna used to resolve a 180° ambiguity in a directional 
antenna. 

sensible horizon. That circle of the celestial sphere formed by the intersection 
of the celestial sphere and a plane through the eye of the observer and perpendicular to 
the zenith-nadir line. 

set. The direction toward which a current flows. 

seven-eighths rule. A rule of thumb which states that the approximate distance 
to an object broad on the beam equals % of the distance traveled while the relative 
bearing (right or left) changes from 30° to 60° or from 120° to 150°. 

seven-tenths rule. A rule of thumb which states that the approximate distance 
to an object broad on the beam equals %o of the distance traveled while the relative 
bearing (right or left) changes from 22°5 to 45° or from 135° tosl572s: 

seven-thirds rule. A rule of thumb which states that the approximate distance to 
an object broad on the beam equals % of the distance traveled while the relative bearing 
(right or left) changes from 22°5 to 26°5, 67°5 to 90°, 90° to 112°5, or 153°5 to 157°5. 
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sextant. A double-reflecting instrument for measuring angles, primarily altitudes 
of celestial bodies. Originally, the term was applied only to such instruments having 
an arc of 60°, but the term is now generally applied to all such instruments regardless 
of the length of arc. 

sextant adjustment. The process of checking the accuracy of a sextant and re- 
moving or reducing its error. 

sextant altitude. Altitude as indicated by sextant, before corrections are applied. 

sextant altitude correction. Any of several corrections applied to a sextant 
altitude in the process of converting it to observed altitude. 

sextant error. ‘The error in the reading of a sextant, due either to lack of proper 
adjustment or imperfection of manufacture. 

shade. Shade glass. 

shade error. That error of an optical instrument due to refraction in the shade 
glasses. 

shade glass. A darkened transparency that can be moved into the line of sight 
of an optical instrument, such as a sextant, to reduce the intensity of light reaching 
the eye. 

shielding factor. The ratio of the strength of the magnetic field at a compass to 
the strength if there were no disturbing material nearby. 

ship heading marker. A mark indicating the position or direction of the ship’s 
head. 

ship’s head. Heading of a vessel. 

shoran. A precision electronic position fixing system using a pulse transmitter 
and receiver and two transponder beacons at fixed points. 

short-distance navigation. 1. Navigation employing aids usable at short ranges 
only. 2. Navigation on a short trip. 

short-long flashing light. A light showing a short flash of about 0.4 second, anda 
long flash of four times that duration, this combination recurring about six to eight 
times per minute. 

short-range navigation. Short-distance navigation, definition 1. 

side error. That error in the reading of a marine sextant due to nonperpendicular- 
ity of the horizon glass to the frame. 

sidereal. Of or pertaining to the stars. 

sidereal day. The duration of one rotation of the earth on its axis, with respect 
to the vernal equinox. 

sidereal hour angle. Angular distance west of the vernal equinox; the arc of the 
celestial equator, or the angle at the celestial pole, between the hour circle of the vernal 
equinox and the hour circle of a point on the celestial sphere, measured westward from 
the hour circle of the vernal equinox through 360°. 

sidereal time. Time based upon the rotation of the earth relative to the vernal 
equinox. 

sight. Observation of the altitude, and sometimes also the azimuth, of a celestial 
body for a line of position; or the data obtained by such an observation. 

sight reduction. The process of deriving from a sight the information needed for 
establishing a line of position. 

sight reduction tables. Tables for performing sight reduction, particularly those 
for determining computed altitude. 

signal-to-noise ratio. The ratio of the amplitude of a desired radio signal at any 
point to the amplitude of noise at the same point. 

signature. The graphic record of the magnetic properties of a vessel traced as 
the vessel passes over a recording instrument. 
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skip distance. The least distance from a transmitting antenna at which a sky 
wave can normally be received. 

skip zone. The area between the outer limit of reception of ground waves and 
the inner limit of reception of sky waves, where no signal is received. 

sky compass. An instrument for determining azimuth of the sun by utilizing the 
polarization of sunlight in the sky. 

sky wave. An indirect radio wave which travels from the transmitting antenna 
into the sky, where the ionosphere bends it back toward the earth. 

sky-wave correction. <A correction to be applied to the reading of the indicator 
of an electronic instrument when sky waves are used, to obtain the equivalent ground- 
wave reading. 

slack water. The condition when the speed of a tidal current is zero. 

slave station. A transmitting station the emissions of which are controlled by a 
master station. 

small circle. The intersection of a sphere and a plane which does not pass 
through its center. 

small scale. A scale involving a relatively large reduction in size. 

smog. A mixture of smoke and fog. 

sofar. A navigational system by which hyperbolic lines of position are deter- 
mined by measuring, at shore listening stations, the difference in the time of recep- 
tion of sound signals produced in a sound channel in the sea, under the vessel. 

soft iron. Iron or steel which is easily magnetized by induction, but loses its 
magnetism when the magnetic field is removed. 

solar day. The duration of one rotation of the earth on its axis, with respect to 
the sun. 

solar tide. That part of the tide due solely to the tide-producing force of the sun. 

solar time. Time based upon the rotation of the earth relative to the sun. 

solstice. One of the two points of the ecliptic farthest from the celestial equator, 
or the instant the sun occupies one of these points, when its declination is maximum. 

solstitial tides. Tides occurring near the times of the solstices, when the tropic 
range is especially large. 

sonar. A system of determining distance of an underwater object by measuring 
the interval of time between transmission of an underwater sonic or ultrasonic signal 
and return of its echo. 

sonic depth finder. An echo sounder operating in the audible range of signals. 

sonic navigation. Navigation by means of sound waves whether or not they are 
within the audible range. 

sonne. A German forerunner of the British consol. 

sonobuoy. A buoy with equipment for automatically transmitting a radio signal 
when triggered by an underwater sound signal. 

sound buoy. A buoy equipped with a characteristic sound signal. 

sounding. Measured or charted depth of water, or the measurement of such 
depth. 

sounding lead (léd). A lead used for determining depth of water. 

sounding line. The line attached to a sounding lead. 

sounding machine. An instrument for measuring depth of water by lowering a 
recording device. 

sounding wire. The wire attached to the recording device of a sounding machine. 

sound wave. An audible disturbance in any material medium or, by extension, 
a similar disturbance outside the audible range. 

southing. The distance a craft makes good to the south. 
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space motion. Motion of a celestial body through space. 

spar buoy. A buoy made of a tapered log or of metal similarly shaped. 

specific pulse repetition rate. The pulse repetition rate of a pair of transmitting 
stations using a group of rates differing only slightly from each other. 

speed error. That error introduced in a gyro compass by the north-south com- 
ponent of the craft’s motion. 

speed line. A line of position approximately perpendicular to the course. 

speed of advance. The speed expected to be made good over the ground. 

speed over the ground. The speed actually made good over the ground. 

spherical sailing. Any of the sailings that takes into account the spherical or 
spheroidal shape of the earth. 

spherical triangle. A closed figure having arcs of three great circles as sides. 

spheroid. An ellipsoid. 

spillover. The receiving of a radio signal of a frequency differing from that to 
which the receiver is tuned. 

splitting. The dividing of a sky-wave signal into two or more peaks. 

spring range. The mean semidiurnal range of tide when spring tides are occurring. 

spring tides. The tides occurring near the times of full moon and new moon, 
when the range of tide tends to increase. 

SS loran. Sky-wave synchronized loran. 

stadimeter. An instrument for determining the distance to an object of known 
height by measuring the angle subtended at the observer by the object. 

stand. The condition at high tide or low tide when there is no change in the 
height of the water. 

standard compass. A compass designated as the standard for a vessel. 

standard parallel. A parallel on a map projection, along which the scale is as 
stated. 

standard time. A variation of zone time used on or near land, with somewhat 
irregular but defined zone limits. 

star finder. A device to facilitate the recognition of stars. 

star globe. A globe representing the celestial sphere, on which the apparent posi- 
tions of the stars are indicated. 

static. Radio noise caused by natural electrical discharges in the atmosphere. 

station buoy. A buoy used to mark the approximate station of an important buoy 
or a lightship. 

station error. The difference between the direction of gravity and the perpen- 
dicular (normal) to the reference spheroid representing the earth. 

station pointer. Three-arm protractor. 

statute mile. A unit of distance equal to 5,280 feet in the United States. 

steam fog. Frost smoke. 

steering compass. A compass by which a craft is steered. 

steering repeater. A compass repeater by which a craft is steered. 

stereographic projection. A perspective, conformal, azimuthal map projection 
in which points on the surface of a sphere or spheroid, such as the earth, are conceived 
as projected by radial lines from any point on the surface to a plane tangent to that 
point opposite the point of projection. 

storm tide. Increased water level due to a storm. 

storm wave. A high tide caused by wind. 

stranding. A serious grounding. 

stratocumulus. Low clouds (mean upper level below 6,500 ft.) composed of a 
layer or patches of globular masses or rolls. 
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stratus. A low cloud (mean upper level below 6,500 ft.) in a uniform layer, re- 
sembling fog but not resting on the surface. 

stream current. A relatively narrow, deep, fast-moving ocean current. 

strength of current. The phase of a tidal current at which the speed is a maxi- 
mum, or the speed at this time. 

submarine bell. A bell whose signal is transmitted through the water. 

submarine navigation. 1. Navigation of a submarine, whether or not sub- 
merged. 2. Underwater navigation. 

submarine oscillator. A large, electrically operated diaphragm horn which pro- 
duces a powerful sound for transmission through water. 

submarine sound signal. A sound signal transmitted through water. 

subordinate station. A place for which tide or tidal current predictions are deter- 
mined by applying a correction to the predictions of a reference station. 

summer solstice. That point on the ecliptic occupied by the sun at maximum 
northerly declination, or the instant the sun occupies this position, about June 21. 

Sumner line. A celestial line of position, particularly one established by the 
Sumner method. 

Sumner method. The establishing of a celestial line of position by computing 
two points on the line and connecting these with a straight line. 

super high frequency. Radio frequency of 3,000 to 30,000 megacycles per second. 

supplement. An angle equal to 180° minus the given angle. 

surface navigation. Navigation of a vessel on the surface of the earth. 

surveying sextant. A sextant intended primarily for use in hydrographic surveying. 

sweep. The motion of the visible dot across the face of a cathode ray tube, as a 
result of deflections of the electron beam. 

sweeping. The process of towing a submerged line or object to locate any sub- 
merged dangers or determine the least depth of an area; or the process of clearing an 
area of such dangers. 

swell. A relatively long wind wave, or series of waves, that have traveled a 
considerable distance from the generating area. 

swell direction. The direction from which swell is moving. 

swinging ship. Placing a vessel on various headings to determine deviation. 

swinging the arc. The process of rotating a sextant during observation, to deter- 
mine the foot of the vertical circle through the body being observed. 

swirl error. The additional error in the reading of a magnetic compass during a 
turn, due to friction in the compass liquid. 

synoptic chart. A chart showing the distribution of meteorological conditions 
over an area at a given time. Popularly called a “weather map.”’ 

systematic error. An error due to some law by which it might be predicted. 

tabulated altitude. Altitude taken directly from a table, before interpolation. 

taffrail log. A log consisting essentially of a rotor towed through the water by a 
line attached to a distance-registering device secured at the. taffrail. 

tangent screw. A screw providing tangential movement along an arc, as that of 
a marine sextant. 

telegraph buoy. A buoy used to mark the position of a submarine telegraph cable. 

telemeter. The equipment for measuring any quantity, transmitting the results 
electrically to a distant point, and there recording the values measured. 

temperature error. That instrument error due to nonstandard temperature. 

terrestrial refraction. Atmospheric refraction of a ray of radiant energy from a 
point on or near the surface of the earth. 
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terrestrial triangle. A triangle on the surface of the earth, especially the naviga- 
tional triangle. 

theodolite. An optical surveying instrument for accurately measuring horizontal 
and vertical angles. 

thermometer. An instrument for measuring temperature. 

three-arm protractor. An instrument consisting of a circle graduated in degrees, 
to which is attached one fixed arm and two movable arms which can be clamped at 
any angle to the fixed arm, within the limits of the instrument. 

tidal current. Current due to tidal action. 

tidal current tables. Tables listing predictions of the times and speeds of tidal 
currents at various places, and other pertinent information. 

tidal datum. A level of the sea, defined by some phase of the tide, from which 
water depths and heights of tide are reckoned. 

tidal day. The period of the daily cycle of the tides, averaging about 24"50™ in 
length. 

tidal difference. The difference between the time or height of tides at a subordi- 
nate station and its reference station. 

tidal wave. The ridge of water raised by tidal action, resulting in tides at various 
places. The expression is popularly but incorrectly used to refer to a tsunami or storm 
wave which overflows the land. 

tide. The periodic rise and fall of the water surfaces of the earth due principally 
to the gravitational attraction of the moon and sun. 

tide correction. That altitude correction due to tilting of the surface of the sea, 
as by a tide wave. 

tide gage. An instrument for measuring the height of tide. 

tide rips. Small waves formed by the meeting of opposing tidal currents or by a 
tidal current crossing an irregular bottom. 

tide station. A place at which tide observations are made. 

tide tables. Tables listing predictions of the times and heights of tides. 

tide wave. The ridge of water raised by tidal action. 

tilt error. That error introduced in the reading of an instrument due to tilt. 

time. 1. The hour of the day reckoned by the position of a celestial reference 
point relative to a reference celestial meridian. 2. An elapsed interval. 

time and altitude azimuth. An azimuth determined when meridian angle, decli- 
nation, and altitude are known. 

time azimuth. An azimuth determined when meridian angle, polar distance (or 
declination), and latitude are known. 

time base. The sweep of a cathode ray tube, used for measuring time intervals. 

time diagram. A diagram in which the celestial equator appears as a circle, and 
celestial meridians and hour circles appear as radial lines. 

time meridian. Any meridian used as a reference for reckoning time, particularly 
zone time. 

time sight. An observation of the altitude of a celestial body, made for the 
purpose of determining longitude, or the method of reducing such an observation. 

time signal. A signal marking a specified time. 

time tick. A time signal consisting of one or more short audible sounds. 

time zone. An area in all parts of which the same time is kept. 

topmark. A characteristic shape secured at the top of a buoy or beacon to aid 
in its identification. 

trace. The line appearing on the face of a cathode ray tube when the visible dot 
repeatedly sweeps across the face of the tube. 
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track. The horizontal component of the path followed or expected to be followed 
by a vessel or a storm center. 

track chart. A chart showing recommended, required, or established tracks, 
and usually indicating turning points, courses, and distances. 

tracking. The process of following the movements of an object. 

transfer. The distance a vessel moves perpendicular to its initial direction of 
motion in making a turn. 

transit. 1. Meridian transit. 2. A theodolite that can be reversed in its supports 
without being lifted from them. 

transponder. A combined receiver and transmitter which transmits signals 
automatically when triggered by an incoming signal. 

transverse Mercator projection. A map projection similar to a Mercator projection 
but with the cylinder rotated through 90°, so that it is tangent along a meridian. 

traverse. A series of directions and distances, as the courses and speeds of a 
vessel zigzagging. 

traverse sailing. A method of determining the equivalent course and distance 
made good by a vessel following a track consisting of a series of rhumb lines. 

traverse table. A table giving relative values of various parts of plane right 
triangles, for use in solving such triangles. 

tropical cyclone. A violent cyclone originating in the tropics. 

tropic range. The difference in height between tropic higher high water and tropic 
lower low water. 

tropic tides. The tides that occur when the moon is near its maximum declina- 
tion, when the diurnal range tends to increase. 

true amplitude. Amplitude relative to true east or west. 

true azimuth. Azimuth relative to true north. 

true bearing. Bearing relative to true north. 

true course. Course relative to true north. 

true heading. Heading relative to true north. 

true north. The direction of the north geographical pole. 

true wind. Wind relative to a fixed point on the earth. 

tsunami. An ocean wave produced by a submarine earthquake, landslide, or 
volcanic action. Popularly called a ‘tidal wave” when it overflows the land. 

turning buoy. A buoy marking a turn, as in a channel. 

twilight. The periods of incomplete darkness following sunset or preceding 
sunrise. 

twilight compass. A compass for indicating direction during twilight, particularly 
a sky compass. 

ultra high frequency. Radio frequency of 300 to 3,000 megacycles per second. 

ultrasonic depth finder. An echo sounder operating at a frequency above the 
audible range. 

ultraviolet. Having a frequency immediately beyond the violet end of the 
visible spectrum. 

uncorrecting. The process of converting true direction to magnetic, compass, or 
gyro direction, or magnetic direction to compass direction. 

undercurrent. <A current below the surface. 

underwater navigation. Navigation of a submerged vessel. 

unfavorable current. A current which decreases the speed of a vessel over the 
ground. 

unfavorable wind. A wind which delays the progress of a craft in a desired 


direction. 
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unidirectional. In one direction only. 

universal plotting sheet. A plotting sheet that can be used at various latitudes 
and any longitude. 

universal time. Greenwich mean time. 

upper air sounding. Determination of the characteristics of the upper air. 

upper branch. That half of a meridian or celestial meridian from pole to pole 
which passes through a place or its zenith. 

upper limb. That half of the limb (of a celestial body) having the greatest 
altitude. 

upper transit. Transit across the upper branch of the celestial meridian. 

variation. The angle between the magnetic and geographical meridians. 

V-band. A radio-frequency band of 46,000 to 56,000 megacycles. 

vector. A straight line representing both direction and magnitude. 

vector diagram. A diagram of more than one vector drawn to the same scale and 
reference direction, and in correct position relative to each other. 

vector quantity. A quantity having both magnitude and direction. 

veer. Of the wind, (a) to change direction clockwise in the northern hemisphere 
and counterclockwise in the southern hemisphere, or (b) to shift aft. 

velocity. Rate of motion in a given direction. 

velocity ratio. The ratio of the speed of tidal currents at a subordinate station 
and its reference station. 

vernal equinox. That point of intersection of the ecliptic and the celestial equator, 
occupied by the sun as it changes from south to north declination, on or about March 21, 
or the instant this occurs. 

vernier. A scale or control used for interpolation in the reading of an instrument 
or for closer adjustment of any equipment. 

vernier sextant. A marine sextant having a vernier used directly with the arc. 

versine. One minus the cosine (1—cos). 

vertical circle. A great circle of the celestial sphere, through the zenith and nadir, 
and hence perpendicular to the horizon. 

very high frequency. Radio frequency of 30 to 300 megacycles per second. 

very low frequency. Radio frequency of less than 30 kilocycles per second. 

vigia. A rock or shoal the existence or position of which is doubtful. 

visibility. The extreme horizontal distance at which prominent objects can be 
seen and identified by the unaided eye. 

visible horizon. That line where earth and sky appear to meet. 

vulgar establishment. The average interval of time between the transit (upper 
or lower) of the full or new moon and the next high water. 

warm air mass. An air mass that is warmer than surrounding air, and usually 
warmer than the surface over which it is moving. 

warm front. That line of discontinuity, at the earth’s surface or at a horizontal 
plane aloft, where the forward edge of an advancing warm air mass is replacing a colder 
air mass. 

warm sector. An area at the earth’s surface bounded by the warm and cold fronts 
of a cyclone. 

war time. Daylight saving time kept throughout the year during a war. 

watch buoy. Station buoy. 

watch error. The amount by which watch time differs from the correct time. 

watch rate. The amount gained or lost by a watch or clock in unit time, usually 
seconds per day. 

watch time. The hour of the day as indicated by a watch or clock. 
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wave. 1. An undulation or ridge on the surface of a liquid, or anything resembling 
this. 2. A disturbance propagated in such a manner that it may progress from point 
to point. 

wave crest. The highest part of a wave. 

wave direction. The direction from which waves are moving. 

wave height. The distance from the trough to the crest of a wave, measured 
perpendicular to the direction of advance. 

wave height correction. That altitude correction due to elevation of the visible 
horizon by waves. 

wave length. The distance in the direction of advance between the same phase of 
consecutive waves. 

wave period. The time interval between passage of successive wave crests at a 
fixed point. 

wave train. A group of related waves, constituting a series. 

wave trough. The lowest part of a wave, between two crests. 

weather map. Synoptic chart. 

weather signal. A visual signal displayed to indicate a weather forecast. 

weather vane. A device to indicate the direction from which the wind blows. 

westing. The distance a craft makes good to the west. 

wind. Moving air, especially a mass of air having a common direction of motion. 

wind current. A current created by the action of wind. 

wind direction. The direction from which wind blows. 

wind rose. A diagram showing the relative frequency and sometimes the average 
speed of the winds blowing from different directions in a specified region. 

wind vane. A device to indicate wind direction. 

wind wave. A wave generated by friction between wind and a fluid surface. 

winter solstice. That point on the ecliptic occupied by the sun at maximum 
southerly declination, or the instant the sun occupies this position, about December 22. 

wiping. The process of reducing the amount of permanent magnetism in a vessel 
by placing a single coil horizontally around the vessel and moving it, while energized, up 
and down along the sides of the vessel. 

wire drag. A buoyed wire towed at a given depth to determine whether any 
isolated rocks, small shoals, etc., extend above that depth, or for determining the least 
depth of an area. 

X-band. A radio-frequency band of 5,200 to 10,900 megacycles. 

young ice. Newly formed ice. 

zenith. That point of the celestial sphere vertically overhead. 

zenithal projection. Azimuthal projection. 

zenith distance. Angular distance from the zenith. 

zodiac. That band of the sky extending 8° either side of the ecliptic. 

zone description. The number, with its sign, that must be added to or subtracted 
from zone time to obtain Greenwich mean time. 

zone time. The local mean time of a reference or zone meridian whose time is kept 
throughout a designated zone. 
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Exact relationships shown by asterisk (*). See footnote on page 962. 


Area 
bequare’ inchsea 4p ols oh WO ine = 6.4516 square centimeters* 
Esquare toot tou 2a 5 a1 hy set ee eee = 144 square inches* 
= 0.09290304 square meter* 
= 0.00002296 acre 
lisquaretyard UC BESIe _DOLP ia ane pm =9 square feet* 
= 0.83612736 square meter 
1 square (statute) mile.__.._2....._______. = 27,878,400 square feet* 
= 640 acres* 
= 2.589988110336 square kilometers* 
Psquare centimeters...) a1) -s eee ee = 0.15500031-square inch 
=0.00107639 square foot 
1 square‘ineter™®.24S28g7) # Gru n ee A ----=10.76391045 square feet 
= 1.19599005 square yards 
1 square kilometer___:.._.- ised. eA Ae = 247.1053815 acres 
= 0.38610216 square statute mile 
= 0.29155335 square nautical mile 
Astronomy 
ETN CANESOL ATE) (a eee ae eee = 1.00273791 sidereal units 
ISIGETEAL Ub eee st eee ae tee ee ee ee =0.99726957 mean solar unit 
JAINIErOSECONC En eee ae ee tee ne ee ereee = 0.000001 second* 
Lsecondst | 2-8 aoe la > cer by) aan = 1,000,000 microseconds* 


=0.01666667 minute 
=0.00027778 hour 
=0.00001157 day 
LIEB DiACY ema ph le At ly tO 5, WE =60 seconds* 
=0.01666667 hour 
=0.00069444 day 
Le OUT enon 54 ae ae eee nee = 3,600 seconds* 
=60 minutes* 
=0.04166667 day 
Iemeamsolardsy- 2.2 2 2 28 ee = 24503™56255536 of mean sidereal time 
=1 rotation of earth with respect to sun (mean) * 
= 1.00273791 rotations of earth with respect to 
vernal equinox (mean) 
= 1.0027378118868 rotations of earth with respect 
to stars (mean) 


Pmean’sidereal-day 2.) soos e ae eee ee = 23556™04:09054 of mean solar time 
I sidereal month#@__ 250. ee = 27.321661 days 

= 27407543m1 185 
i-synodicalimontha nie, a7, taint ees spool = 29.530588 days 

= 29412544m02s8 


Ee a ae EET IE =31,556,925.975 seconds 
= 525,948.766 minutes 
= 8,765.8128 hours 
= 365424219879 — 040000000614 (t— 1900), where ¢ 
=the year (date) 
= 365405 548™46s 
Ee ee eee ee ae = 365125636042 + 0.0000000011 (t— 1900) , where ¢ 
=the year (date) 
= 3654064090925 


1 sidereal year 


954 
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Astronomy—Continued 


1 calendar year (common)__________________ = 31,536,000 seconds* 
= 525,600 minutes* 
=8,760 hours * 
=365 days * 
I calendar year (leap) Us ue fa es Po = 31,622,400 seconds* 
= 527,040 minutes* 
= 8,784 hours* 
= 366 days* 
(Slight veaTeeeee =o eeU me eee t Os Sees ene S = 9,460,000,000,000 kilometers 
= 5,880,000,000,000 statute miles 
= 5,110,000,000,000 nautical miles 
= 63,300 astronomical units 
ER ATSC C aie ate eee eee eer er cok re rs =31,000,000,000,000 kilometers 
= 19,300,000,000,000 statute miles 
= 16,700,000,000,000 nautical miles 
= 206,265 astronomical units 
= 3.26 light years 
aAstrongmicalunite: .a-e eee 2 nae eee = 149,500,000 kilometers 
= 92,900,000 statute miles 
= 80,700,000 nautical miles 
=mean distance, earth to sun* 
Mean distance, earth to moon______-_______- = 384,411 kilometers 
= 238,862 statute miles 
= 207,565 nautical miles 
Mean distance, earth to sun________________- = 149,500,000 kilometers 
= 92,900,000 statute miles 
= 80,700,000 nautical miles 
=1 astronomical unit 
SUnssiclaAMe Lenser oe aes eens omens eS =1,393,000 kilometers 
= 866,000 statute miles 
= 752,000 nautical miles 
SHUI ST Vee oe ee pn) Sees ee eee = = 1,987,000,000,000,000,000,000,000,000,000,000 
grams 
= 2,200,000,000,000,000,000,000,000,000 short tons 
= 2,000,000,000,000,000,000,000,000,000 long tons 
Speed of sun relative to neighboring stars_-_.-_—19.6 kilometers per second 
=12.2 statute miles per second 
=10.6 nautical miles per second 
Orbitalispeed olvearthee = == =e ee = 29.8 kilometers per second 
=18.5 statute miles per second 
=16.1 nautical miles per second 


Obliguitvaor therecliptich-=- se. epneeee= = 23°27'08"26 —0"4684(t— 1900), where {=the year 
(date) 
General precession of the equinoxes- -__------ = 50"2564+ 07000222 (t— 1900) per year, where t= 


the year (date) 
Precession of the equinoxes in right ascension. = 460850 + 07000279 (¢— 1900) per year, where t= 
the year (date) 


Charts 


Precession of the equinoxes in declination __-- 2010468 — 07000085 (t— 1900) per year, where t= 
the year (date) 
Miapnitudemations 84-90 na teee Soa =2.512 
=1/100" 
INauticalimilessperinche=—-= 4 = see neo =reciprocal of natural scale+-72,913.39 
Statute miles iper InGh: 622228. ep eee oe = =reciprocal of natural scale+ 63,360* 
Imnehes sper mauticalemiles=2— 2 6=se2—s=2>— = 72,913.39 X natural scale 
Inches: peristatute miles == 22 o2s2- es. = ae = 63,360 natural scale* 
Natural sCalesse= een seeo Seon esses asec =1:72,913.39 X nautical miles per inch 


= 1:63,360 X statute miles per inch* 
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Earth 

Acceleration due to gravity (standard)_______ = 980.665 centimeters per second per second 
= 32.1740 feet per second per second 

Ma&ass..2. 2 oSsc 2522 estes. poe ee oe eee = 5,980,000,000,000,000,000,000,000,000 grams 
= 6,600,000,000,000,000,000,000 short tons 
= 5,900,000,000,000,000,000,000 long tons 

Mean density: Cl St S22 U2 ee Le a eee = 5.517 grams per cubic centimeter 

Velocity of escape-..2. 53.22 ee ee = 6.94 statute miles per second 

Curvaturelofsurface= 222-2 a eee eee =0.8 foot per nautical mile 

Clarke spheroid of 1866 
Gu acvoria leach sinc) =e ee eee = 20,925,874.05 feet 


= 6,975,291.35 yards 
= 6,378,206.4 meters 
=3,963.234 statute miles 
=3,443.957 nautical miles 
‘Polarradius: (0) === Se eee eetn pee ees = 20,854,933.76 feet 
=6,951,644.59 yards 
= 6,356,583.8 meters 
=3,949.798 statute miles 
=3,432.282 nautical miles 
BEES Se eee Se ag. = 20,902,227.28 feet 
= 6,967,409.09 yards 
=6,370,998.9 meters 
=3,958.755 statute miles 
=3,440.065 nautical miles 
IROLSCQUSTOL MC Aa Mee Senne eran ee ee eee = 6,087.090 feet 
= 2,029.030 yards 
=1,855.345 meters 
=1.153 statute miles 
=1.002 nautical miles 
isotlativude ated stor sas = =a =6,045.889 feet 
=2,015.296 yards 
= 1,842.787 meters 
= 1.145 statute miles 
=0.995 nautical mile 
gO felacittderata Olea =e en =6,107.795 feet 
= 2,035.932 yards 
= 1,861.656 meters 
=1.157 statute miles 
= 1.005 nautical miles 


Mean radius (# a 2) 


3 


Rect Huei =") caeor 
Flattening or ellipticity G q@ )rrrrr tne 294.98 
=0.00339007530 
Becentricity (e=4/2)—= 72). 1s eee = 0.08227185422 
Eccentricity squared (e)_..._..____________ = 0.00676865800 
Clarke spheroid of 1880 
Equatorial radius (a)202 ee neon eens = 20,926,014.29 feet 


= 6,975,338.10 yards 

= 6,378,249.145 meters 

= 3,963.260 statute miles 

=3,443.980 nautical miles 
ct Se Se ee = 20,854,707.61 feet 

= 6,951,569.20 yards 

=6,356,514.870 meters 

=3,949.755 statute miles 

= 3,432,245 nautical miles 


Polar radius (6) 
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Earth—Continued 
Clarke spheroid of 1880—Continued 


Mean radius (73*) ihe oe Te oe —20,902,245.39 feet 
=6,967,415.13 yards 
=6,371,004.387 meters 
=3,958.759 statute miles 
=3,440.068 nautical miles 

FOL CQUATOT a= Oe meet ct) rata se ars ans =6,087.129 feet 
=2,029.043 yards 
=1,855.357 meters 
=1.153 statute miles 
=1.002 nautical miles 

foflativude at equatores = =e eee eee =6,045.719 feet 
=2,015.240 yards 
=1,842.735 meters 
=1.145 statute miles 
=0.995 nautical mile 

ifotslatitudeat, poles =. = 5a ees ee =6,107.943 feet 

=2,035.981 yards 

=1,861.701 meters 

=1.157 statute miles 

=1.005 nautical miles 
1 


‘ Hate a—b 
Flattening or ellipticity (7 =~) As SPE Ee = 905.465 
=0.00340756138 
Becencricity (¢=2f—s2)_. wae ee =0.08248339904 
Hecentricivyasquared. (2) ee. ns ee =0.00680351112 
International spheroid 
SOMA omit eve (ILS 2 eae we ee = 20,926,469.85 feet 


=6,975,489.95 yards 

= 6,378,388 meters 

=3,963.347 statute miles 

=3,444.055. nautical miles 
POATEAGIUSE(D) Sse ae oe 2) ee ee ee 2 = 20,856,010.35 feet 

= 6,952,003.45 yards 

=6,356,911.946 meters 

= 3,950.002 statute miles 

; Jab = 3,432.459 nautical miles 

Mean radius ( aor) be eR ire RA = 20,902,983.35 feet 

= 6,967,661.12 yards 

=6,371,229.315 meters 

= 3,958.8987 statute miles 

=8,440.190 nautical miles 
IPOLCOMATOT sae oe 2S ee = a ee = 6,087.264 feet 

= 2,029.088 yards 

=1,855.398 meters 

=1.153 statute miles 

=1.002 nautical miles 
UotslatititordueeqUalOte= === Se eee ser aes =6,046.342 feet 

=2,015.447 yards 

=1,842.925 meters 

=1.145 statute miles 

=0.995 nautical mile 
Leoflatiiuderatspolea =a 9- 2 ese eeeee= a = 6,107.828 feet 

=2,035.943 yards 

= 1,861.666 meters 

= 1.157 statute miles 

=1.005 nautical miles 
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Earth—Continued 


International spheroid—Continued 


: etthn' a—b 1 
Flattening or ellipticity ( if =") S St Beas = 907 
=0.00336700337 
Eccentricity (= 2f—?)... -- a nose ee = 0.08199188997 
Eccentricity squared (e?)_._________________ =0.00672267002 
Length 

L-inches. Ue SUE Oe he A. Bee = 25.4 millimeters* 

= 2.54 centimeters* 
1 foot. CUS eee. Je. 2 ee ee ee = 12 inches* 

=1 British foot 

= yard* 

=0.3048 meter* 

=¥ fathom* 
I footuGUiSs Survey,)= sos ss een nee =0.30480061 meter 
Leyards)) Joncas. 32 2 eee = 36-inches* 

=8 feet* 

=0.9144 meter* 
Pfathom 2.5552 2hn ees eee ee =6 feet* 

=2 yards* 

= 1.8288 meters* 
cal les Seta Satcee ak ee een on © sr etrier eee aes = 720 feet* 

= 240 yards* 

= 219.4560 meters* 
i cables (British) sae see ee ee =0.1 nautical mile 
i:statute miles te Seer hee as = 5,280 feet* 


=1,760 yards* 

= 1,609.344 meters* 

= 1.609344 kilometers* 

= 0.86897624 nautical mile 
Tnauticalimile: 529. a. Seer nae eee = 6,076.11548556 feet 

= 2,025.37182852 yards 

= 1,852 meters* 

= 1.852 kilometers* 

=1.150779448 statute miles 
TRIN CCD See eae ee es ee ee et = 100 centimeters* 

=39.370079 inches 

=3.28083990 feet 

= 1.09361330 yards 

= 0.54680665 fathom 

= 0.00062137 statute mile 

=0.00053996 nautical mile 
ikilometers gaseugiseeh oe eee = 3,280.83990 feet 

= 1,093.61330 yards 

=1,000 meters* 

=0.62137119 statute mile 

= 0.53995680 nautical mile 


Mass 
l ounce. S22 = 2eee ee es ee ee = 437.5 grains* 
= 28.349523125 grams* 
=0.0625 pound* 
= 0.028349523125 kilogram* 
i pound _ 2). os. ct ses tee oe ee =7,000 grains* 
= 16 ounces* 
= 0.45359237 kilogram* 
l short ton__.. 2...... ae = 2,000 pounds* 


= 907.18474 kilograms* 
=0.90718474 metric ton* 
= 0.89285714 long ton 
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Mass—Continued 


Iilong tomes Seco te 8 = eee 10: Ree = 2,240 pounds* 
=1,016.0469088 kilograms* 
= 1.12 short tons* 

= 1.0160469088 metric tons* 
I kilogrammeeet_ in <otarpltran SO0SS See iio... = 2.204622622 pounds 
=0.00110231 short ton 
=0.00098421 long ton 
tie Sree her. ine Td SMEG oe = 2,204.6226218 pounds 
=1,000 kilograms* 
= 1.10231131 short tons 
=0.98420653 long ton 


1 metric ton 


Mathematics 
OF ye a SS a = 3.1415926535897932384626433832795028841971 
cae Be SS oe ee eee ee ee as =9.8696044011 
Ey og UNOPS ene Pina ae he ce ae at = 1.7724538509 
Base of Naperian logarithms (e)------------- = 2.718281828459 
Modulus of common logarithms (logie) ------ =0.4342944819032518 
HUMETS ERC EL Tn ee ee gpa ee ae = 206,264" 80625 
= 3,437! 7467707849 
= §7°2957795131 
= 57°17'44"80625 
it Giza. 2 2. ee ee eee aes = 1,296,000”* 
= 21,600’* 
= 360°* 
=27 radians* 
TCT OE a) at a ln ag pg ge a pS a ea = radians* 
1. pepe A es ee oe i ie oe =3600"* 
= (ii) 
=0.0174532925199432957666 radian 
1 Eg 1 ep IRN gat pa he EEN ENS 20 raee = 60” * 
= 0.000290888208665721596 radian 
[UA ees cag eas RTOS eg SIS apa thle gee Spa Sea = 0.000004848136811095359933 radian 
CS ah ees = ee ee ee eS Se = 0.00029088820456342460 
Svante 1 one eee a i ee See See =0.00000484813681 107637 
Meteorology 
Atmosphere (dry air) 
INTRO oc ae eee Sheet SSS Sea = 78.08% 
OXV@ON oo oco- ent - nn een eee = 20.95% 
APE Mee cee es te ete = ene tae es = 0.93% 22.20% 
@arbanvdloxidee tees ao oe eee aaa = 0.03% 
INGO LSet eee ne ee ce ee ae = 0.0018% 
Velie a ee eee eee eee one = 0.000524% 
Kiryptonse-= 6 - ese nena poe aos = 0.0001% 
Hydrogen-..-22---*-=----------=----=== = 0.00005% 
IMENT = i oe are = 0.0000087 % 
Ozone tee eee aaa = 0 to 0.000007 % (increasing with altitude) 
RG Giles aa ae aoe See Eee = (. 000000000000000006% (decreasing with al- 
titude) 
Standard atmospheric pressure at sea level_-_= 1,013.250 dynes per square centimeter* 


= 1,033.227 grams per square centimeter 
=1,033.227 centimeters of water 
=1,013.250 millibars* 

= 760 millimeters of mercury 

=76 centimeters of mercury 

= 33.8985 feet of water 

= 29,.92126 inches of mercury 

= 14.6960 pounds per square inch 

= 1.033227 kilograms per square centimeter 
= 1.013250 bars* 


IN DRITRES HS ee  e =(—) 273°15 C 
=(—) 459°67 F 
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Pressure 
1 dyne per square centimeter______________- =0.001 millibar* 
= 0.000001 bar* 
1 gram per square centimeter_______________ =1 centimeter of water 


= 0.980665 millibar* 
=0.07355592 centimeter of mercury 
= 0.0289590 inch of mercury 
=0.0142233 pound per square inch 
=0.001 kilogram per square centimeter* 
=0.000967841 atmosphere 

I’millibars os... -26et Sends TRETORAT Te = = 1,000 dynes per square centimeter* 
=1.01971621 grams per square centimeter 
=0.7500617 millimeter of mercury 
=0.03345526 foot of water 
= 0.02952998 inch of mercury 
=0.01450377 pound per square inch 
= 0.001 bar* 
= 0.00098692 atmosphere 

err LlimMe Cero Lane rc ry ae eee = 1.35951 grams per square centimeter 
= 1.3332237 millibars 
=0.1 centimeter of mercury* 
= 0.04460334 foot of water 
=0.039370079 inch of mercury 
=0.01933677 pound per square inch 
=0.001315790 atmosphere 

1 centimeter of mercury. 22202 =10 millimeters of mercury* 

Sine of Mercury ss ss) a8s cose. ee re =34.53155 grams per square centimeter 
= 33.86389 millibars 
= 25.4 millimeters of mercury* 
= 1.132925 feet of water 
=0.4911541 pound per square inch 
=0.03342106 atmosphere 


Meentimeter of water. 2232) se =1 gram per square centimeter 
=0.001 kilogram per square centimeter 
ltoot of water: 22... sees een eee = 30.48000 grams per square centimeter 


= 29.89067 millibars 
= 2.241985 centimeters of mercury 
= 0.882671 inch of mercury 
= 0.4335275 pound per square inch 
=0.02949980 atmosphere 

1 pound per square inch. 3. Sell... = 68,947.57 dynes per square centimeter 
= 70.30696 grams per square centimeter 
=70.30696 centimeters of water 
=68.94757 millibars 
=51.71493 millimeters of mercury 
= 5.171493 centimeters of mercury 
= 2.306659 feet of water 
= 2.036021 inches of mercury 
= 0.07030696 kilogram per square centimeter 
= 0.06894757 bar 
=0.06804596 atmosphere 


1 kilogram per square centimeter____________ = 1,000 grams per square centimeter* 
=1,000 centimeters of water 
Uber. 222o.842. =) so ee 2 a ae = 1,000,000 dynes per square centimeter* 
= 1,000 millibars* 
Speed 
I foot, per minutéeseoe= 45 sadeey BER =0.01666667 foot per second | 


= 0.00508 meter per second* 
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Speed— Continued 


devard«per minutes = = eee See aes eee =3 feet per minute* 
=0.05 foot per second* 
=0.03409091 statute mile per hour 
=0.02962419 knot 
=0.01524 meter per second* 
i foot per:second 4m Beet. SAU TESReeee see. =60 feet per minute* 
=20 yards per minute* 
=1.09728 kilometers per hour* 
=0.68181818 statute mile per hour 
=0.59248380 knot 
=0.3048 meter per second* 
ivstatute mile per hours sess) sees se eee. = =88 feet per minute* 
=29.33333333 yards per minute 
= 1.609344 kilometers per hour* 
= 1.46666667 feet per second 
=0.86897624 knot 
=0.44704 meter per second* 
knotss sees ee ees Sees S eee oe =101.26859143 feet per minute 
=33.75619714 yards per minute 
= 1.852 kilometers per hour* 
= 1.68780986 feet per second 
= 1.15077945 statute miles per hour 
=(0.51444444 meter per second 


jekiometersperhoures eae ess 52 see =0.62137119 statute mile per hour 
=0.53995680 knot 
i#meter per: second = seen. ee season eae = 196.85039340 feet per minute 


= 65.6167978 yards per minute 
=3.6 kilometers per hour* 
= 3.28083990 feet per second 
= 2.23693632 statute miles per hour 
=1.94384449 knots 
ign Gin CUO See ee ee ee Se = 299,792 kilometers per second 
=186,282 statute miles per second 
=161,875 nautical miles per second 
=983.570 feet per microsecond 
Liane MA a = se nck ooo eee ae anomese sos 4s = 299,708 kilometers per second 
= 186,230 statute miles per second 
= 161,829 nautical miles per second 
= 983.294 feet per microsecond 
Sound in dry air at 60° F and standard sea =1,116.99 feet per second 
level pressure 
= 761.59 statute miles per hour 
= 661.80 knots 
=340.46 meters per second 
Sound in 3.485 percent salt water at 60° F___=4,945.37 feet per second 
= 3,371.85 statute miles per hour 
= 2,930.05 knots 
=1,507.35 meters per second 


Volume 

ikcubicsinch esse ee +b sone nee nse = 16.387064 cubic centimeters* 
=0.01638661 liter 
=0.00432900 gallon 

{RGUbIGHOOUMMSe Soe e ae tert Hoe oe ae eee =1,728 cubic inches* 
= 28.31605503 liters 
=7.48051946 U.S. gallons 
= 6.22883522 imperial (British) gallons 
=0.028316846592 cubic meter* 
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Volume—Continued 
1-cubiesyard Sea: See ae eae Fae Peace = 46,656 cubic inches* 
= 764.53367616 liters 
= 201.974010624 U.S. gallons 
= 168.17859283 imperial (British) gallons 
=27 cubic feet* 
=0.764554857984 cubic meter* 
Heubie centimeter. sa22e4" sen alee ae = 0.06102374 cubic inch 
=0.00026417 U.S. gallon 
=0.00021997 imperial (British) gallon 
1 cubievmeters 25-525: 459 DRO Oe = 264.17203187 U.S. gallons 
=219.96923879 imperial (British) gallons 
= 35.31466655 cubic feet 
=1.80795059 cubic yards 
1 quart’ (U. Sider saz sseteren te EPO te = 57.75 cubic inches* 
= 32 fluid ounces* 
=2 pints* 
=0.94632645 liter 
=0.25 gallon* 
igallon’ (U.S;) ss ae ee ee eo =3,785.3984784 cubic centimeters* 
= 231 cubic inches* 
=0.13368056 cubic foot 
=4 quarts* 
= 3.7853058 liters 
= 0.83267412 imperial (British) gallon 
1 Titer eee eSee £2 Pe STITY te el DORIOORR Has =1,000.028 cubic centimeters 
= 61.02545 cubic inches 
=1.05671780 quarts 
=0.26417945 gallon 


I register ton... baessk so=-b 3 ee Py, =100 cubic feet* 
= 2.8316846592 cubic meters* 
1 measurement, ton 222..gieed DEReeED toe =40 cubic feet* 
=1 freight ton* 
L freight tonemyse qoc-aslia_aiskets COS BSl = 40 cubic feet* 
=1 measurement ton* 
Volume-mass 
1 cubic foot of sea water___________________ = 64 pounds 
1 cubic foot of fresh water__.______________ =62.428 pounds at temperature of maximum 
density (4° C=39°2 F) 
Licubiesiootiotsices- sae ee ae eee = 656 pounds 
i displacement tOnpe. 22. ee ae =35 cubic feet of sea water* 
=1 long ton 


Note:-All values in this appendix are based on the following relationships: 
1 inch=2.54 centimeters* 
1 yard=0.9144 meter* 
1 pound (avoirdupois) =0.45359237 kilogram* 
1 nautical mile=1852 meters* 
Absolute zero=(—) 273°15 C=(—) 459°67 F. 
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NAVIGATIONAL COORDINATES 


Coordinate | Symbol | Measured from |Measured along ee Measured to | Units pac se Reali Labels 


latitude L, lat. equator meridian N,S_ | parallel ce 011 90° N,S 
colatitude colat. poles meridian Ss, N parallel Ot 011 90° _— 
longitude », long. | prime merid- | parallel E, W | local meridian | °,’ 0/1 180° E, W 


ian 


declination | d, dec. celestial equa- | hour circle N,8 parallel Ofaiines: 0/1 90° N,S8 
tor declination j 


polar p elevated pole | hour circle 8,N parallel Of io? 0/1 180° = 
distance declination 
altitude h horizon vertical circle | up parallel Of! 0/1 90°* = 
altitude 
zenith dis- | z zenith vertical circle | down | parallel Ge |] GY 0/1 180° = 
tance altitude 
azimuth Zn north horizon E vertical circle | ° 0°1 360° — 
noel Z north, south | horizon E, W | vertical circle | ° ool 180° or 90°| N,S... E,W 
amplitude A east, west horizon N,S8 body 3 0°1 90° E, W...N,S 
Greenwich GHA Greenwich parallel of WwW hour circle TAG 0/1 360° — 
hour angle celestial declination 
meridian 


local hour LHA local celestial | parallel of Ww hour circle of O11 360° _— 
angle meridian declination 

meridian t local celestial | parallel of E, W_ | hour circle ot 0/1 180° E, W 
angle meridian declination 

sidereal SHA hour circle of | parallel of WwW hour circle on 0f1 360° — 
hour vernal equi- declination 
angle nox ‘ 

right RA hour circle of | parallel of E hour circle h, ms 1s 24h — 
ascension vernal equi- declination 


nox 


Greenwich | GMT lower branch | parallel of Ww hour circle h,m,s Is 24h _— 
mean Greenwich declination mean sun 
time celestial 
meridian 


local mean LMT lower branch | parallel of hour circle 
time local declination mean sun 


celestial 
meridian 
zone time ZT lower branch | parallel of WwW hour circle h,m,s 1s 24h — 
zone declination mean sun 
celestial 
meridian 
Greenwich | GAT lower branch | parallel of Ww hour circle h, m,s 1s 24h _ 
apparent Greenwich declination apparent 
time celestial sun 
meridian 
local LAT lower branch | parallel of WwW hour circle h, m,s Is 24h — 
apparent local declination apparent 
time celestial sun 
meridian 
Greenwich | GST Greenwich parallel of WwW hour circle h, ms 1s 24h -— 
sidereal celestial declination vernal 
time meridian equinox 
local LST local parallel of WwW hour eircle h,m,s 1s 24h _ 
sidereal celestial declination vernal 
time meridian equinox 


*When measured from celestial horizon. 
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PLANETS 


Uranus 


Mercury] Venus Saturn Neptune 


Symbol 


Known satel- 
lites 


Mean distance 
from sun in 
astronamical 0. 39 | 0. 72 1. 00 1. 52 5. 20 9. 54 19. 19 30. 07 39. 52 
units 
Mean distance 
from sun in 
millions of 36. 0 | 67. 2 92.9 | 141.5 | 483.3 | 886. 2 /1, 782.0 |2, 792. 4 3, 671. 2 
miles (stat- 
ute) 


Mean diameter 
in miles (stat- | 3, 100/ 7, 700| 7,917 | 4, 200 86, 740| 71, 500| 32, 000 | 31, 700 3, 550 
ute) 


Volume 


(earth =1) 0. 06 | 0. 92 1.00 | 0.15 | 1, 318 736 64 60 


Mass (earth=1) 


ae) 5.46 | 4.96] 5.52] 412] 1.33] 071) 1.56| 247 5.5 


Mean surface 
gravity 0. 29 | 0. 86 1. 00 0. 37 2. 64. ils ilzé 0. 91 ie <0.5 
(earth= 1) 


Oblateness 0.00 | 0.00 nis ze, 1 a5 


Bc ae 880 | 2 [23h56™ /24537™ | 9b50™ |10614m | 10>45™ | 15b4gm | 62390 


Mean orbital 


velocity in 
statute miles |22- “© |21. 78 | 18.52 | 15.00 | 8.121] 6.00 4, 23 SB. Bi 2. 95 


per second 


Sidereal period 


of revolution 8810 |22427 | 36542 | 68740 11¥9 2975 8470 1648 24874 


Hocentrieity of 19/506 |0. 007 | 0. O17 | 0. 083 | 0.048 | o Os6ulmosod7 [oo Gan 0. 249 


Inclination of 
sees to ? 1 23°27’ | 25°10’ | 3°07’ | 26°45’ 98° 29° ? 
orbit 


Inclination of 
orbit to eclip- | 7°00’ | 3°24’ | 0°00’ | 1°51’ LTS imeeo206 0°46’ 147? 17°09’ 
tic 


Stellar | —1.2 |—4.3 —2.8 | —2.5 | —0.4 
magnitude 


APPENDIX G 
IDENTIFICATION OF NAVIGATIONAL STARS 


Introduction.—The following summary is not intended as a substitute for a star 
finder such as H.O. 2102-D, or of a knowledge of the heavens, but is given as a supple- 
mentary reference to assist in locating the 57 stars included in the main listing in the 
Nautical Almanac, plus Polaris. The observer is assumed to be at about the average 
latitude of the United States, unless another latitude is indicated. If a celestial body 
is said to be east of another, it is lower in the sky if both are rising and higher if both are 
setting. A body north of another is nearer the north celestial pole. Directions refer 
to great circles on the celestial sphere. Figures referred to are the star charts of 
chapter XXII, which should be of assistance in interpreting the descriptions given. It 
is assumed the reader is familiar with such well-known configurations as the big dipper 
and Orion. Constellation names are given in 2talics. 

Acamar crosses the celestial meridian near the southern horizon during evening 
twilight in February, and during morning twilight in August. It is part of the con- 
stellation Eridanus, the river, which is not a striking configuration. It is the faintest 
star listed among the 57 in the almanac, but is the brightest in its immediate vicinity. 
The nearest bright star is Achernar, about 20° away in a generally southwesterly 
direction. Dec. 40°S, SHA 316°, mag. 3.1. Fig. 2205. 

Achernar, at the southern end of the inconspicuous constellation Eridanus, the 
river, is one of the brightest stars of the southern hemisphere. It is not visible north 
of latitude 33°N. It crosses the celestial meridian during evening twilight in January, 
and during morning twilight in early August. Nearly a straight line is formed by 
Fomalhaut, about 40° WNW; Achernar; and Canopus, about the same distance in the 
opposite direction. However, since these stars are widely separated, the relationship 
is not striking. Achernar forms large triangles with Acamar and Ankaa, Ankaa and 
Al Na’ir, and with Al Na’ir and Peacock. Dec. 57°S, SHA 336°, mag. 0.6. Fig. 2205. 

Acrux is the brightest and most southerly star in the famed southern cross. It is 
not visible north of latitude 27°N. It crosses the celestial meridian during evening 
twilight in early June and during morning twilight in January. It is about 15° WSW 
of first magnitude Hadar and Rigil Kentaurus. Dec. 63°S, SHA 174°) mage*1.1. 
Fig. 2207. 

Adhara. About 10°S and a little to the east of Sirius is a small, approximately 
equilateral triangle of three second magnitude stars. Adhara is the westernmost and 
brightest of the three. It crosses the celestial meridian to the south during evening 
twilight in March, and during morning twilight in October. Dec. 29°S, SHA 256°, 
mag. 1.6. Fig. 2206. 

Aldebaran. If the line formed by the belt of Orion, the hunter, is extended about 
20° to the northwestward, and curved somewhat toward the north, it leads to first 
magnitude Aldebaran in Taurus, the bull. This is a group of stars forminga V. A long, 
curving line starting at Sirius extends through Procyon, Pollux, Capella, and Aldebaran. 


Dec. 16°N, SHA 292°, mag. 1.1. Fig. 2206. 
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Alioth is the third star from the outer end of the handle of the big dipper, and the 
brightest star of the group. Dec. 56°N, SHA 167°, mag. 1.7. Fig. 2207. 

Alkaid is the star at the outer end of the handle of the big dipper, farthest from the 
bowl. It is the second brightest star of the group. Dec. 50°N, SHA 154°, mag. 1.9. 
Fig. 2207. 

Al Na’ir is the westernmost of two second magnitude stars of nearly equal bright- 
ness about midway between first magnitude Fomalhaut, approximately 20° to the 
northeast, and second magnitude Peacock, about the same distance in the opposite 
direction. A curved line extending eastward from the southern cross passes through 
Hadar and Rigil Kentaurus and, if extended with less curvature, leads first to Peacock 
and then to Al Na’ir. This star forms triangles with Fomalhaut and Ankaa, Ankaa and 
Achernar, and with Achernar and Peacock. It is not visible north of latitude 43°N. 
It crosses the celestial meridian during evening twilight early in December, and during 
morning twilight in June. Dec. 47°S, SHA 29°, mag. 2.2. Figs. 2205, 2208. 

Alnilam is the middle star of the belt of Orion, the hunter. Dec. 1°S, SHA 277°, 
mag. 1.8. Fig. 2206. 

Alphard, a second magnitude star, is the brightest in the inconspicuous constella- 
tion Hydra, the water monster. The nearest bright star is first magnitude Regulus, 
about 20° NNE. It is about midway between the horizon and zenith when it crosses 
the celestial meridian to the southward during evening twilight in late April, and during 
morning twilight in November. Dec. 8°S, SHA 219°, mag. 2.2. Fig. 2207. 

Alphecca is the brightest star of Corona Borealis, the northern crown, about 
20°ENE of first magnitude Arcturus. It forms a triangle with Arcturus and Alkaid. 
It crosses the celestial meridian near the zenith during evening twilight in July, and 
during morning twilight in February. Dec. 27°N, SHA 127°, mag. 2.3. Figs. 2207, 
2208. 

Alpheratz, a second magnitude star, is at the northeast corner of the great square of 
Pegasus, the winged horse, and is the brightest of the four stars forming the square. 
It crosses the celestial meridian near the zenith during evening twilight early in January, 
and during morning twilight in July. Dec. 29°N, SHA 359°, mag. 2.2. Fig. 2205. 

Altair is at the southern vertex of a large, nearly-right triangle which is a con- 
spicuous feature of the evening sky in late summer and in autumn. The right angle is 
at Vega and the northern vertex is at Deneb. All three are first magnitude stars. 
Two fainter stars close to Altair, one on each side in a line through Vega, form a charac- 
teristic pattern making Altair one of the easiest stars to identify. It crosses the 
celestial meridian during evening twilight in October, and during morning twilight in 
May. Dec. 9°N, SHA 63°, mag. 0.9. Fig. 2208. 

Ankaa, a second magnitude star, is the brightest star in inconspicuous Phoeniz. 
It is surrounded by and forms a series of triangles with Diphda, Fomalhaut, Al Na’ir, 
Achernar, and Acamar. It crosses the celestial meridian low in the southern sky in 
January, and during morning twilight in July. Dee. 42°S, SHA 354°, mag. 2.4. 
Fig. 2205. 

Antares is the brightest star in the conspicuous constellation Scorpio, the scorpion, 
which is low in the southern sky during evening twilight in late July, and morning 
twilight in late February. No other first magnitude star is within 40° of Antares and 
none toward the north is within 60°. It has a noticeable reddish hue and in appear- 
ance somewhat resembles Mars, which is occasionally near it in the sky. Dec. 26°S, 
SHA 113°, mag. 1.2. Fig. 2208. 
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Arcturus. The curved line along the stars forming the handle of the big dipper, 
if continued in a direction away from the bowl, passes through brilliant, first magni- 
tude Arcturus. The distance from Alkaid, at the end of the big dipper, to Arcturus is 
a little more than the length of the dipper. Arcturus forms a large triangle with 
Alkaid and Alphecca. Dec. 19°N, SHA 147°, mag. 0.2. Figs. 2207, 2208. 

Atria is the brightest of three stars forming a small triangle called Triangulum 
Australe, the southern triangle, not far from the south celestial pole. It is not seen 
north of latitude 21°N. A line through the east-west arm of the southern cross, if 
continued toward the east and curved somewhat toward the south, leads first to Hadar, 
then to Rigil Kentaurus, then, by curving more sharply, to the northernmost star of 
the triangle, and finally to Atria, only about 21° from the south celestial pole. Dec. 
69°S, SHA 109°, mag. 1.9. Fig. 2207. 

Avior is the westernmost star of Vela, the sails, or false southern cross, about 30° 
WNW of the true southern cross, about 15° ESE of the brilliant Canopus, and nearly 
enclosed within a large triangle formed by Canopus, Suhail, and Miaplacidus. It is 
not visible north of latitude 31°N. Below this, it crosses the celestial meridian low 
in the southern sky during evening twilight in April, and morning twilight in early 
November. Dec. 59°S, SHA 235°, mag. 1.7. Figs. 2206, 2207. 

Bellatrix is a second magnitude star north and a little west of the belt of Orion, 
the hunter. It is about equidistant from the belt and first magnitude, red Betelgeuse. 
Bellatrix is at the northwest corner of a box surrounding the belt of Orion. Dec. 6°N, 
SHA 279°, mag. 1.7. Fig. 2206. 

Betelgeuse is a conspicuous, reddish star of variable brightness about 10° north 
and a little east of the belt of Orion, the hunter. A line through the center of the belt 
and perpendicular to it passes close to red Betelgeuse to the north and blue Rigel about 
the same distance south of the belt. Betelgeuse and Rigel are at opposite corners of 
a box surrounding the belt of Orion. Dec. 7°N, SHA 272°, mag. 0.1-1.2 (variable). 
Fig. 2206. . 

Canopus, second brightest star in the sky, is about 35° south of Sirius. A line 
extending eastward through the belt of Orion and curving toward the south passes 
first through Sirius, then through the small triangle of which Adhara is the brightest 
star, and finally to Canopus, which forms a large, almost equilateral triangle with 
Suhail and Miaplacidus. This triangle nearly encloses Vela, the sails or false southern 
cross, about 20°ESE of Canopus. Canopus is not visible north of latitude 37°N. 
It is on the edge of the Milky Way and while many relatively bright stars are nearby, 
none in the immediate vicinity of Canopus approaches it in brightness. Deees3°d, 
SHA 264°, mag. (—)0.9. Fig. 2206. 

Capella is a brilliant star about 45° north of the belt of Orion, the hunter. A 
curved line starting at Sirius and extending through Procyon, Pollux, Capella, Alde- 
baran, the belt of Orion, and back to Sirius forms an inverted tear-drop figure with 
Capella at the top and the various parts being about equally spaced along the curve. 
Capella crosses the celestial meridian near the zenith during evening twilight in early 
March, and during morning twilight in late September. Dec. 46°N, SHA 282°, 
mag. 0.2. Fig. 2206. 

Deneb is a bright star at the northeastern vertex of a large, nearly right triangle 
formed by Altair, Vega, and Deneb, the right angle being at Vega. These three stars 
are the brightest in the eastern sky during summer evenings. Deneb is not as bright 
as the other two, but is the brightest star in the constellation Cygnus, the swan. It 
crosses the celestial meridian near the zenith during evening twilight in November, 
and during morning twilight in late May. Dee. 45°N, SHA 50°, mag. 1.3. Fig. 2208. 
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Denebola, in Leo, the lion, is a second magnitude star at the opposite end of the 
constellation from Regulus. A straight line from Regulus, on the west, to Arcturus, 
on the east, passes close to Denebola, which is somewhat nearer Regulus. Denebola 
crosses the celestial meridian to the south during evening twilight in May, and during 
morning twilight in December. Dec. 15°N, SHA 183°, mag. 2.2. Fig. 2207. 

Diphda. A line extending southward through the eastern side of the great square 
of Pegasus, the winged horse, and curving slightly toward the east, leads to second 
magnitude Diphda. The distance from the southern star of Pegasus to Diphda is about 
twice the length of one side of the square. Diphda is part of the inconspicuous con- 
stellation Cetus, the whale. The only nearby first magnitude star is Fomalhaut, 
about 25° in a generally southwest direction. Diphda, Fomalhaut, and Ankaa form 
a nearly equilateral triangle. Dec. 18°S, SHA 350°, mag. 2.2. Fig. 2205. 

Dubhe forms the outer rim of the bowl of the big dipper. It and Merak (not one 
of the 57 navigational stars) are the two “pointers” used to locate Polaris, Dubhe 
being the one nearer the pole star. Dec. 62°N, SHA 195°, mag. 2.0. Fig. 2207. 

Elnath is a second magnitude star between Capella, about 15° to the north, and 
Betelgeuse, about 20° to the south. It is a little north of a line connecting Aldebaran 
and Pollux. It is at the end of the northern fork of V-shaped Taurus, the bull. Alde- 
baran is the principal star at the closed end of the V. This constellation is approximately 
25° NNW of Orion, the hunter. Dec. 29°N, SHA 279°, mag. 1.8. Fig. 2206. 

Eltanin is the southernmost and brightest star in the inconspicuous constellation 
Draco, the dragon, south and somewhat east of the little dipper. A straight line extend- 
ing northwestward through Altair and its two fainter companions passes first through 
brilliant Vega, and, about 15° beyond, to second magnitude Eltanin. Eltanin crosses 
the celestial meridian high in the sky toward the north during evening twilight in early 
September, and during morning twilight in late March. Dec. 51°N , SHA 91°, mag. 
2.4. Fig. 2208. 

Enif is a third magnitude star approximately midway between Altair, about 25° 
west, and Markab, about 20°ENE. From Markab, at the southwestern corner of 
the great square of Pegasus, the winged horse, a line extending in a generally west- 
southwesterly direction passes through two almost equally spaced fourth magnitude 
stars. From the second of these, a line about 5° long extending in a northwesterly 
direction leads to Enif. Enif crosses the celestial meridian to the south during evening 
twilight in November, and during morning twilight in June. Dec. 10°N, SHA 35°, 
mag. 2.5. Figs. 2205, 2208. 

Fomalhaut is a first magnitude star well separated from stars of comparable 
brightness and from conspicuous configurations. A line through the western side of 
the great square of Pegasus, the winged horse, and extended about 45° toward the 
south passes close to Fomalhaut, which forms two large, nearly equilateral triangles 
with Diphda and Ankaa and with Ankaa and Al Na’ir. Dec. 30°S, SHA 16°, mag. 
1.3. Fig. 2205. 

Gacrux is the northernmost star of the southern cross. It is bright for a second 
magnitude star, but its brilliance is overshadowed by the brighter B Crucis (not listed 
among the 57 navigational stars) and Acrux, the two brightest stars of the southern 
cross, and by Hadar and Rigil Kentaurus, about 15°ESE. Gacrux crosses the celestial 
meridian during evening twilight in early June, and during morning twilight in late 
December, but is not visible north of latitude 33°N. Dec. 57°S, SHA 173°, mag. 
1.6. Fig. 2207. 

Gienah is a third magnitude star, the brightest in the constellation Corvus, the 
crow. A long, sweeping arc starting with the handle of the big dipper and extending 
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successively through Arcturus and Spica leads to this relatively small, four-sided figure 
made up of third magnitude stars. Gienah is at the northwest corner. It crosses the 
celestial meridian during evening twilight in late May, and during morning twilight 
in December. Dec. 17°S, SHA 177°, mag. 2.8. Fig. 2207. 

Hadar is a first magnitude star about 10° east of the southern cross, and about 
5° west of Rigil Kentaurus, the brightest of several bright stars in this part of the sky. 
Dec. 60°S, SHA 150°, mag. 0.9. Fig. 2207. 

Hamal is the brightest star of the inconspicuous constellation Aries, the ram. A 
line through the center of the great square of Pegasus, the winged horse, extended 
about 25° east, and curved slightly toward the north, leads to Hamal. It is over the 
meridian to the south during evening twilight in January, and during morning twilight 
in August. Dec. 23°N, SHA 329°, mag. 2.2. Fig. 2205. 

Kaus Australis is near the southern end of a group of second and third magnitude 
stars forming the constellation Sagittarius, the archer, about 25° ESE of Antares, in 
Scorpio, the scorpion. It is about 10°SW of Nunki, also in Sagittarius, and about the 
same distance ENE of Shaula, in Scorpio. With Antares, Sabik, and Nunki, it forms 
a large, poorly defined box. It is over the meridian to the south during evening twilight 
in September and during morning twilight in April. Dec. 34°S, SHA 85°, mag. 2.0. 
Fig. 2208. 

Kochab forms the outer rim of the bowl of the little dipper, at the opposite end 
from Polaris, about 15° north. It is directly above the pole during evening twilight 
in early July and during morning twilight in January; and directly below the pole, 
low in the northern sky, during evening twilight of early February and morning twilight 
of late August. Dec. 74°N, SHA 137°, mag. 2.2. Fig. 2208. 

Markab is the star at the southwest corner of the great square of Pegasus, the 
winged horse, at the opposite corner from Alpheratz. It is over the celestial meridian 
to the south during evening twilight in December, and during morning twilight late 
in June. Dec. 15°N, SHA 14°, mag. 2.6. Fig. 2205. 

Menkar is a third magnitude star at the eastern end of the inconspicuous constel- 
lation Cetus, the whale. No bright stars are nearby. A straight line from Aldebaran 
extending about 25° in the direction indicated by the point of the V of Taurus, the bull, 
leads to Menkar. A long, straight line from Fomalhaut east-northeastward through 
Diphda, and extended about 40°, leads to Menkar. It crosses the celestial meridian 
during evening twilight in February, and during morning twilight in August. Dec. 4° 
N, SHA 315°, mag. 2.8. Figs. 2205, 2206. 

Menkent is a second magnitude star about 25° north of Hadar and about 30° 
northeast of the southern cross. A line from Gienah across the opposite corner of the 
small, four-sided Corvus, the crow, and then curving a little toward the east, leads to 
Menkent. A number of third magnitude stars are nearby, but they do not form a 
conspicuous configuration. With Antares and Rigil Kentaurus, Menkent forms a large 
triangle. It crosses the celestial meridian low in the southern sky during evening 
twilight in late June and during morning twilight in early January. Dec. 36°S, SHA 
149°, mag. 2.3. Figs. 2207, 2208. 

Miaplacidus is a second magnitude star about 10° south of the false southern cross. 
It is the nearest of the 57 navigational stars to the south celestial pole, about 20° away, 
and is not visible north of latitude 20° N. With Suhail and brilliant Canopus it forms 
a large, nearly equilateral triangle almost enclosing the false southern cross. South of 
latitude 20°S, it does not set, but circles the south celestial pole in a clockwise direction, 
reaching its maximum altitude above the pole during evening twilight in early May 
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and during morning twilight in November. Dec. 70°S, SHA 222°, mag. 1.8. Figs. 
2206, 2207. 

Mirfak is a second magnitude star at the northeastern end of a gently curving line 
extending in a northeasterly direction from Alpheratz at the northeastern corner of the 
great square of Pegasus, the winged horse, through two other second magnitude stars, 
Mirach and Almach, not included among the 57 navigational stars. Mirfak is about 
25° east and a little south of Cassiopeia, and about 20° WNW of Capella. A line from 
Kochab through Polaris, and curved slightly toward the east, leads to Mirfak. Dec. 
50°N, SHA 310°, mag. 1.9. Figs. 2205, 2206. 

Nunki is the more northerly of the two brightest stars of a group of second and 
third magnitude stars forming the constellation Sagittarius, the archer, about 30° E of 
Antares. It is about 10° NE of Kaus Australis, also in Sagittarius. With Sabik, 
Antares, and Kaus Australis, it forms a large, poorly defined box. It is over the 
meridian to the south during evening twilight in early October and during morning 
twilight in April. Dec. 26°S, SHA 77°, mag. 2.1. Fig. 2208. 

Peacock, the brightest star in the southern constellation of the same name, is not a 
part of a conspicuous configuration of stars. A curved line extending eastward from 
the southern cross passes through Hadar and Rigil Kentaurus and, if extended with less 
curvature, leads to Peacock, about 30° southeast of Scorpio, the scorpion, and about 20° 
southwest of Al Na’ir. With Al Na’ir and Achernar it forms a large, poorly defined 
triangle. It crosses the celestial meridian during evening twilight in early November, 
and during morning twilight in late May, but is not visible north of latitude 33°N. 
Dec. 57°S, SHA 54°, mag. 2.1. Figs. 2205, 2208. 

Polaris is not listed among the 57 navigational stars, but is treated separately be- 
cause it is less than 1° from the north celestial pole. It is about midway between the 
big dipper and Cassiopeia. A line through Dubhe and Merak (not one of the 57 
navigational stars), the pointers forming the outer side of the bowl of the big dipper, if 
extended northward for about 30°, leads almost directly to Polaris. A line extending 
north from Alpheratz at the northwest corner of the great square of Pegasus, the winged 
horse, passes through Caph (not one of the 57 navigational stars) in Cassiopeia and then 
Polaris at about equal intervals. Dec. 89°N, SHA 332°, mag. 2.1. Figs. 2205-2208. 

Pollux is the brighter of the ‘twins of Gemini,” two relatively bright stars about 
45° NE of Orion, the hunter, and about 45° ENE of Aldebaran. A curved line starting 
at Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. 
Dec. 28°N, SHA 244°, mag. 1.2. Fig. 2206. 

Procyon is a bright star about 30° east of Orion, the hunter. A curved line starting 
at Sirius extends through Procyon, Pollux, and Capella, all first magnitude stars. 
Dec. 5°N, SHA 246°, mag. 0.5. Fig’ 2206. 

Rasalhague forms a large, nearly equilateral triangle with Altair and Vega, Rasal- 
hague being at the western vertex. Both of the other stars are considerably brighter 
than Rasalhague. It crosses the celestial meridian to the south during evening twilight 
in early September, and during morning twilight in late March. Dec. 13°N, SHA 97°, 
mag. 2.1. Fig. 2208. 

Regulus is at the opposite end of Leo, the lion, from Denebola, and is the brightest 
star of the constellation. A line through Dubhe and Merak (not one of the 57 naviga- 
tional stars), the pointers by which Polaris is usually identified, extended about 45° 
southward, and curved slightly toward the west, leads to Regulus, which forms the 
southern end of the handle of the sickle, part of Leo. Dec. 12° N, SHA 209°, mag. 1.3. 
Fig. 2207. 
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Rigel is a brilliant bluish star about 10°S and.a little to the west of the belt of 
Orion, the hunter. A line through the center of the belt and perpendicular to it passes 
close to blue Rigel to the south and red Betelgeuse about the same distance north of the 
belt. Rigel and Betelgeuse are at opposite corners of a box surrounding the belt of 
Orion. Dec. 8°S, SHA 282°, mag. 0.3. Fig. 2206. 

Rigil Kentaurus is the brighter and more easterly of two first magnitude stars about 
15° east of the southern cross. It is over the meridian during evening twilight in early 
July, and during morning twilight in late January, but is not visible north of latitude 
29°N. Dec. 61°S, SHA 141°, mag. 0.1. Figs. 2207, 2208. 

Sabik is part of the inconspicuous constellation Ophiuchus, the serpent holder, 
about 20° north of Scorpio, the scorpion. With Antares, Kaus Australis, and Nunki, 
it forms a large, poorly defined box in the southern sky on summer evenings. Sabik 
crosses the celestial meridian during evening twilight in August, and during morning 
twilight in March. Dec. 16°S, SHA 103°, mag. 2.6. Fig. 2208. 

Schedar is the southernmost star of the W (or M) of Cassiopeia, on the opposite 
side of Polaris from the big dipper. It is the second star from the leading edge of this 
configuration as it circles the north celestial pole. Dec. 56°N, SHA 351°, mag. 2.5. 
Figs. 2205, 2206, 2208. 

Shaula is a second magnitude star marking the end of the tail of Scorpio, the 
scorpion, at the opposite end from Antares. This constellation is low in the southern 
sky onsummer evenings. Shaula is about 15° southeast of Antares and about 10° WSW 
of Kaus Australis. It crosses the celestial meridian during evening twilight in early 
September, and during morning twilight in March. Dec. 87-5, DHA 97°, mag: 1.7. 
Fig. 2208. 

Sirius, the brightest star in the heavens, is in the constellation Canis Major, the 
‘large dog” of Orion, the hunter. The line formed by the belt of Orion, if extended 
about 20° to the eastward and curved toward the south, leads to Sirius. Dec. 17°S, 
SHA 259°, mag. (—)1.6. Fig. 2206. 

Spica is the brightest star of Virgo, the virgin, an inconspicuous constellation on the 
celestial equator to the south during evening twilight in early summer. The curved 
line along the stars forming the handle of the big dipper, if continued in a direction 
away from the pointers, passes through Arcturus and then Spica. The distance between 
Alkaid, at the end of the big dipper, and Arcturus is about the same as that between 
Arcturus and Spica, and is a little more than the length of the big dipper. Spica 
crosses the celestial meridian during evening twilight in June, and during morning 
twilight late in December. Dec. 11°S, SHA 159°, mag. 1.2. Fig. 2207. 

Suhail is one of a number of second magnitude stars extending along the Milky 
Way between Sirius and the southern cross. It is about 10° north of the false southern 
cross, which is nearly enclosed by a large, nearly equilateral triangle formed by Suhail, 
Canopus, and Miaplacidus. Canopus and Suhail are on opposite edges of the Milky 
Way, with a number of second magnitude stars between them. A straight line extend- 
ing eastward through the east-west arm of the southern cross leads to Suhail, about 
35° away. In the southern United States, Suhail crosses the celestial meridian near the 
southern horizon during evening twilight in April, and during morning twilight in 
November. Dec. 43°S, SHA 223°, mag. 2.2. Figs..2206, 2207. 

Vega is the brightest star north of the celestial equator, and the third brightest in 
the entire sky. It is at the western vertex and the nearly-right angle of a large 
triangle which is a conspicuous feature of the evening sky in late summer and in autumn. 
The other two stars of the triangle are Altair and Deneb, both of the first magnitude.. 
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Vega passes through the zenith approximately at latitude 38°45’N during evening 
twilight in September and during morning twilight in April. Dec. 39°N, SHA 819) 
mag. 0.1. Fig. 2208. 

Zubenelgenubi, a third magnitude star, is the southern (or western) basket of 
Inbra, the balance. The boxlike Libra is about 25° WNW of Antares, in Scorpio, the 
scorpion. A long line extending eastward from Alphard, between Gienah and Spica, 
leads to Zubenelgenubi. Dec. 16°S, SHA 138°, mag. 2.9. Figs. 2207, 2208. 


NAVIGATIONAL STARS 


APPENDIX H 


AND 


THE PLANETS 


Meaning of name 


inti s Origin 
Name Pronunciation Bayer name Binaine 
Acamar a’ka-mar 6 Eridani Arabic 
Achernar 4/kér-ngr a@ Eridani Arabic 
Acrux a/kriks a Crucis Modern 
Adhara a-da'ra | e Canis Majoris Arabic 
Aldebaran §l déb’a-ran a Tauri Arabic 
Alioth Al’/i-dth ! ¢ Ursa Majoris Arabic 
Alkaid al-kad’ | » Ursa Majoris Arabic 
Al Na’ir 4l-nar’ a Gruis Arabic 
Alnilam 4l’ni-l4m e Orionis Arabic 
Alphard al’fgrd a Hydrae Arabic 
Alphecca Al-fek’a a Corona Borealis Arabic 
Alpheratz 41-f6’rats a Andromeda Arabic 
Altair 4l-tar’ a Aquilae Arabic 
Ankaa §n’k4 a Phoenicis Arabic 
Antares an-ta’réz a Scorpii Greek 
Arcturus ark-tu’ris a Bootis Greek 
Atria at’ri-a a Trianguli Australis | Modern 
Avior — a’vi-or e Carinae Modern 
Bellatrix bé-1a’triks . y Orionis Latin 
Betelgeuse bét’él-juz a Orionis Arabic 
Canopus kd-no’pus a Carinae Greek 
Capella ka-pél’a a Aurigae Latin 
Deneb - dén’éb . a Cygni Arabic 
Denebola dé-néb’0-la 8B Leonis Arabic 
Diphda dif’da B Ceti Arabic 
Dubhe dub’6 a Ursa Majoris Arabic 
Elnath él/nath 8 Tauri Arabic 
Eltanin é]-ta’nin y Draconis Arabic 
Enif é6n‘if e Pegasi Arabic 
Fomalhaut fo’mal-6t a Piscis Austrini Arabic 
Gacrux ga’kriks y Crucis Modern 
Gienah jé’na y Corvi Arabic 
Hadar ha’dar 8 Centauri Modern 
Hamal him/al a Arietis Arabic 
Kaus Australis | kés 6s-tra’lis e Sagittarii Ar., L. 
Kochab k0’kAb 8 Ursa Minoris Arabic 
Markab m§r’k&b a Pegasi Arabic 
Menkar mén’/k§r a Ceti Arabic 
Menkent mén’ként 6 Centauri Modern 
Miaplacidus mi’d-plas’I-dis 6 Carinae Ar.. L 
Mirfak mir’fak a Persei Arabic 
Nunki nin’ké o Sagittarii ab. 
Peacock pé’kok a Pavonis Modern 
Polaris po-la’ris a Ursa Minoris Latin 
Pollux pol’/aks 8 Geminorum Latin 
Procyon pro’si-6n a Canis Minoris Greek 
Rasalhague ras’d]-ha’gw6 a Ophiuchi Arabic 
Regulus rég’u-lis a Leonis Latin 
Rigel ri’/jél 6 Orionis Arabic 
Rigil Kentaurus | ri’jil kén-t0’ris a Centauri Arabic 
Sabik sa’bi n Ophiuchi Arabic 
Schedar shéd’dr a Cassiopeiae Arabic 
Shaula sho/la d Scorpii Arabic 
Sirius sir’i-ais a Canis Majoris Greek 
Spica spi’ka a Virginis Latin 
Suhail s00-hal’ d Velorum Arabic 
Vega vé'ga a Lyrae Arabic 
Zubenelgenubi z00-bén’é]-jé-nu’bé a Librae Arabic 
PLANETS 


another form of Achernar 

end of the river (Eridanus) 

coined from Bayer name 

the virgin(s) 

follower (of the Pleiades) 

another form of Capella 

leader of the daughters of the bier 

bright one (of the fish’s tail) 

string of pearls 

solitary star of the serpent 

feeble one (in the erown) 

the horse’s navel 

flying eagle or vulture 

coined name 

rival of Mars (in color) 

the bear’s guard 

coined from Bayer name 

coined name 

female warrior 

the arm pit (of Orion) 

city of ancient Egypt 

little she-goat 

tail of the hen 

tail of the lion 

the second frog (Fomalhaut was once 
the first) 

the bear’s back 

one butting with horns 

head of the dragon 

nose of the horse 

mouth of the southern fish 

coined from Bayer name 

right wing of the raven 

leg of the centaur 

full-grown lamb 

southern part of the bow 

shortened form of ‘‘north star’”’ (named 
when it was that, c. 1500 BC-AD 300) 

saddle (of Pegasus) 

nose (of the whale) 

shoulder of the centaur 

quiet or still waters 

elbow of the Pleiades 

constellation of the holy city (Eridu) 

coined from English name of con- 
stellation 

the pole (star) 

Zeus’ other twin son (Castor, a Gemi- 
norum, is first twin) 

before the dog (rising before the dog 
star, Sirius) 

head of the serpent charmer 

the prince 

foot (left foot of Orion) 

foot of the centaur 

second winner or conqueror 

the breast (of Cassiopeia) 

cocked-up part of the scorpion’s tail 

the scorching one (popularly, the dog 
star) 

the ear of corn 

shortened form of Al Suhail, 
Arabic name for Canopus 

the falling eagle or vulture 

southern claw (of the scorpion) 


one 
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EEE 


Name Pronunciation Origin of name Meaning of name 
Mercury mir’ku-rl Latin god of commerce and gain 
Venus vé/nis Latin goddess of love 
Earth arth Mid. Eng. _ 
Mars mirz Latin god of war : , : ' 
Jupiter j00’pi-tér Latin god of the heavens, identified with the Greek Zeus, chief of the 
Olympian gods 
Saturn sit’érn Latin god of seed-sowing 
Uranus u/ra-nts Greek the personification of heaven 
Neptune nép’tun Latin. god of the sea 
Pluto ploo’to Greek god of the lower world (Hades) 


Guide to pronunciations: : - : 
fate, qad, final, last, bound, arm; bé, énd, camél, readér; ice, bit, animal; dver, péetic, hot, lérd, moon, tiibe, iinite, tab, 


circdés, arn : ot A ; 
*Distances in light-years. One light-year equals approximately 63,300 AU, or 5,880,000,000,000 miles. Authorities differ on dis- 


tances of the stars; the values given are representative. 
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Name 


Pronunciation 


Genitive 


APPENDIX I 
CONSTELLATIONS 


Pronunciation 


Meaning 


Navigational stars or 
approximate position 


Andromeda* 


Antlia 

Apus 

Aquarius (=)* 
Aquila* 

Ara* 

Aries (1)* 
Auriga* 
Bootes* 
Caelum 
Camelopardalis 
Cancer (5s) * 
Canes Venatici 


Canis Major* 
Canis Minor* 
Capricornus (V3) 
Carina** 


Cassiopeia* 
Centaurus* 
Cepheus* 


Cetus* 
Chamaeleon 
Circinus 
Columba 
Coma Berenices 
Corona 
Australis* 
Corona 
Borealis* 
Corvus* 
Crater* 
Crux 
Cygnus* 
Delphinus* 
Dorado 
Draco* 
Equuleus* 
Eridanus* 
Fornax 
Gemini (II)* 
Grus 
Hercules* 


Horologium 
Hydra* 
Hydrus 
Indus 


Ant’li-a 
a’pus 
a-kwar'l-tis 
Ak’wi-la 
a/ra 

a’ri-éz 
6-ri’ga 
b6-6’téz 
sé’lim 


k&n’sér 


ka’/nis ma’‘jér 
ka’/nis mi’nér 


ka@-ri/na 
k&s’I-0-pé/ya 
sén-t0’/ris 
sé’fas 


sé’tus 
ka-mé'lé-tin 
sur’si-nus 
k0-lam’bd 


lis 
kor’viis 
kra’tér 
kriks 
sig’nus 
dél-fi/nas 
do-ri’dd 
dra’ko 
é-kwoo'lé- tis 
é-rid/a-niis 
for/naks 
jém‘i-ni 
grus 
har’ka.-léz 


hor’6-15/ji-aim 
hi/dra 

hi’/dris 

in’dts 


An-drém’.é-dé 


kd-mél’0-pir/ddé-lis 


ka’/néz vé-nat’i-si 


k4p’ri-kér/nus 


k6/md bér-é-ni/séz 
k0-r6/nd 6s-tra‘lis 


k6-r0’né bo’ré-a/ 


Andromedae 


Antliae 

Apodis 

Aquarii 

Aquilae 

Arae 

Arietis 

Aurigae 

Bootis 

Caeli 

Camelopardalis 

Cancri 

Canum  Venati- 
corum 

Canis Majoris 

Canis Minoris 

Capricorni 

Carinae 


Cassiopeiae 
Centauri 
Cephei 


Ceti 
Chamaeleontis 
Circini 

Columbae 

Comae Berenices 
Coronae Australis 


Coronae Borealis 


Corvi 
Crateris 
Crucis 
Cygni 
Delphini 
Doradus 
Draconis 
Equulei 
Eridani 
Fornacis 
Geminorum 
Qruis 
Herculis 


Horologii 
Hydrae 
Hydri 
Indi 


*One of the original constellations of Ptolemy. 
**Part of the single constellation Argo Navis of Ptolemy. ; 
{Parts within brackets are amplifications of the meanings of constellation names. é 
ttParts within parentheses are the meanings of words deleted from former, more complete constellation names. 


Guide to pronunciations: 


fate, care, hat, findl, abound, sofd, arm; bé, créate, énd, readér; ice, bit; dver, poetic, 


tub, circdés, arn. 


in-drém/é-dé 


ant’li-é 

ap’6-dis 

a-kwar’i-i 

ak’wi-lé 

4’ré 

a-ri’é-tis 

o-ri’jé 

bd-6’tis 

séli 

ké.-mél’6- par/da-lis 

kang’kri 

ka/nim vé-nat’i- 
k6/rim 

ka/nis ma-jd’ris 

ka/nis mi-n6’ris 

kap’ri-k6r/ni 

ka-ri/né 


kas’I-6-pé/yé 


sén-t6/r1 


sink 


sé’fe-i 


Sé’ti 
kd-mé/lé-dn’tis 
sar’si-ni 
k6-lim/bé 

k0’mé bér’é-ni’séz 
k6-rd/né 6s-1ra’lis 


k6-rd/né bd’ré.a/ 
lis 
kor’vi 
krd-té/ris 
kr00’sis 
sig’/ni 
dél-fi/ni 
do-rii’dis 
dra-k6/nis 
é-kw00'lé.i 
é-rid’é-ni 
for-na’sis 
jém’i-nd/rim 
groo’is 
hir’kii-lis 


hor’6.16/ji-1 
hi’dré 
hidri 

in’di 


Zodiacal constellations are given in bold type, with their symbols. 


Andromeda [the 
chained woman]t 

(air) pumptt 

bird of paradise 

water carrier 

eagle 

altar 

ram 

charioteer 

herdsman 

graving tool 

giraffe 

crab 

hunting dogs 


larger dog 
smaller dog 
horned goat 
keel 


Cassiopeia [the lady 
in the chair] f 
centaur 


Cepheus [the shep- 
herd]t 

whale 

chameleon 

pair of compasses 

dove 

Berenice’s hair 

southern crown 


northern crown 


crow 

cup 

cross 

swan 

dolphin 

dorado [a fish]t 

dragon 

colt 

Eridanus [a river]} 

furnace 

twins 

crane [a bird]t 

Hercules [mytho- 
logical hero]t 

clock 

water monster 

water snake 

Indian 


Alpheratz 


d 35°S, SHA 210° 
d 75°S, SHA 120° 
d 5°S, SHA 25° 
Altair 

d 55°S, SHA 100° 
Hamal 

Capella 

Arcturus 

d 40°S, SHA 290° 
d 70°N, SHA 275° 
d 20°N, SHA 230° 
d 40°N, SHA 165° 


Adhara, Sirius 

Procyon 

d 20°S, SHA 45° 

Avior, Canopus, 
Miaplacidus 

Schedar 


Hadar, Menkent, Ri- 
gil Kentaurus 
d 75°N, SHA 15° 


Diphda, Menkar 
d 80°S, SHA 200° 
d 65°S, SHA 140° 
d 35°S, SHA 275° 
d 25°N, SHA 170° 
d 40°S, SHA 80° 


Alphecca 


Gienah 

d 15°S, SHA 190° 
Acrux, Gacrux 
Deneb 

d 15°N, SHA 50° 
d 60°S, SHA 285° 
Eltanin 

d 10°N, SHA 40° 
Acamar, Achernar 
d 30°S, SHA 320° 
Pollux 

Al Na’ir 

d 30°N, SHA 100° 


d 50°S, SHA 310° 
Alphard 

d 70°S, SHA 320° 
d 60°S, SHA 35° 


hét, cdnnect, lérd, moon; tabe, iinite, 
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Name Pronunciation Genitive Pronunciation Meaning MO Sra he 
ia ra 
Lacerta la-stir’ta Lacertae la-sdir’té lizard d 45°N, SHA 25° 
Leo (Q)* 186 Leonis 1é-/nis lion Denebola, Regulus 
Leo Minor 1é’6 mi’nér Leonis Minoris 18-6/nis mi-nd’ris smaller lion d 35°N, SHA 205° 
Lepus* lé’pis Leporis lép’6-ris hare d 20°S, SHA 275° 
Libra (=)* li’bra Librae li’bré balance [scales] t Zubenelgenubi 
Lupus* lu’pus Lupi 1a’pi wolf d 45°S, SHA 130° 
Lynx lingks Lyncis lin’sis lynx d 50°N, SHA 240° 
Lyra* lira Lyrae li’ré lyre Vega 
Mensa mén’sd Mensae mén’/sé table (mountain){t | d75°S, SHA 275° 
Microscopium mi‘kro-sko'pi-tm | Microscopii mi’kr6-sk6/p!-i microscope d 35°S, SHA 45° 
Monoceros m0-n6s’ér-ds Monocerotis mo-nés’ér-d/tis unicorn d 0°, SHA 255° 
Musca mius’kd Muscae mus’sé fly d 70°S, SHA 175° 
Norma nor’md Normae noér’/mé square (andrule)tt | d50°S, SHA 120° 
Octans ok’tanz Octantis ok-tan‘tis octant d 85°S, SHA 40° 
Ophiuchus* of'-W’kus Ophiuchi Ofi-0/ ki serpent holder Rasalhague, Sabik 
Orion* o-ri’6n Orionis 6’ri-/nis Orion [the hunter]t | Alnilam, Bellatrix, 
Betelgeuse, Rigel 
Payo pa’vo Pavonis pa-vo/nis peacock Peacock 
Pegasus* pég’a-siis Pegasi pég’a-si Pegasus [winged Enif, Markab 
hey te horse] t 
Perseus* pur’sus Persei pir’sé-i Perseus [mytholog- | Mirfak 
ical character]t 
Phoenix fé/niks Phoenicis fé-ni’sis phoenix [the im- | Ankaa 
mortal bird]t 
Pictor pik’tér Pictoris pik-td’ris painter (easel of) tt d 55°S, SHA 275° 
Pisces (})* pis’éz Piscium pish’i-iim fishes d 15°N, SHA 355° 
Piscis Austrinus* | pis’is 6s-tri’nus Piscis Austrini pis’is 6s-tri/ni southern fish Fomalhaut 
Puppis** pup’is Puppis pup’is stern [of ship]t d 30°S, SHA 245° 
Pyxis** pik’sis_ Pyxidis pik’si-dis mariner’s compass | d 25°S, SHA 230° 
Reticulum ré-tik’/U-lim Reticuli ré-tik’i-li net d 60°S, SHA 300° 
Sagitta* Sa-jit’a Sagittae sa-jit’é arrow d 20°N, SHA 65° 
Sagittarius (¢)* | Sj’1-t@/ri-is Sagittarii sj/1-ta/ri-i archer Kaus Australis, 
Nunki 
Scorpius (™M)* skor’pi-ts Scorpii sk6r’pi-i scorpion Antares, Shaula 
Sculptor skilp’tér Sculptoris skulp-to’ris sculptor (workshop | d 30°S, SHA 355° 
of) tt 
Scutum sku’/tim Scuti sku’ti shield d10°S, SHA 80° 
Serpéns* sur’peénz Serpentis sér-pén’tis serpent d 10°N, SHA 125° 
Sextans séks’tanz Sextantis séks-tin’tis sextant d 0°, SHA 205° 
Taurus (8 )* to’rts Tauri td/ri bull Aldebaran, Elnath 
Telescopium tél’e-sko/pI-um Telescopii tél’é-sk6’pi-i telescope d 50°S, SHA 75° 
Triangulum* tri-Ang’gu-lém Trianguli tri-Ang’gu-li triangle ad 30°N, SHA 330° 
Triangulum tri-Ang’gi-liéim Trianguli tri-dng’gii-li southern triangle Atria 
Australe 6s-tra/lé Australis 6s-tra’lis 
Tucana tu-ka’na Tucanae ti-ka/né toucan [a bird]t d 65°S, SHA 5° 
Ursa Major* ur’sd ma’jér Ursae Majoris tir’sé ma-jo’ris larger bear Alioth, Alkaid, 
Dubhe 
Ursa Minor* r’sd mi’nér Ursae Minoris fir’sé mi-nd‘ris smaller bear Kochab, Polaris 
Vela** veld Velorum vé-lo/ruim sails Suhail 
Virgo (m)* vir’g6 Virginis viir’ji-nis virgin Spica 
Volans vo/lénz Volantis vo lin’tis flying (fish) ¢t d70°S, SHA 240° 
Vulpecula vul-pék’ii-la Vulpeculae vil-pék’t-1é little fox d 25°N, SHA 60° 


Zodiacal constellations are given in bold type, with their symbols. 
*One of the original constellations of Ptolemy. 


**Part of the single constellation Argo Navis of Ptolemy. 
+Parts within brackets are amplifications of the meanings of constellation names. : 
ttParts within parentheses are the meanings of words deleted from former, more complete constellation names. 


Guide to pronunciations: 
fate, care, hat, findl, abound, sofa, arm; bé, créate, énd, reader; ice, bit; ver, poetic, hdt, cOnnect, lord, moon; tibe, unite, 
tub, circds, irn. 


APPENDIX J 
BUOYAGE SYSTEMS 


With modifications, two systems of buoyage are in general use throughout the 
world. These are the lateral system and the cardinal system. 

The lateral system is best suited for well-defined channels. The location of each 
buoy indicates the direction of the danger it marks relative to the course which should 
normally be followed. ‘Thus, a buoy which should be kept on the port hand lies 
between the vessel and the danger when the buoy is abeam to port, approximately. 

In principle, the positions of marks in the lateral system are determined by the 
general direction taken by the mariner when approaching a harbor, river, estuary, or 
other waterway from seaward, and may also be determined with reference to the main 
stream of flood current. The application of this principle is defined, as required, by 
nautical documents such as sailing directions. 

The cardinal system is best suited for coasts with numerous rocks, shoals, and 
islands, and for dangers in the open sea. The location of each buoy indicates the 
approximate true bearing of the danger it marks. Thus, an eastern quadrant buoy 
marks a danger, such as a shoal, which lies to the west of the buoy, approximately. 

Although almost all of the major maritime nations have used either the lateral or 
the cardinal system for many years, details such as the shapes and colors of the buoys 
and the characteristics and colors of lighted aids generally have varied from country 
to country. With the passage of time and the increase in maritime communication 
between countries, the desirability of a uniform system of buoyage has become increas- 
ingly apparent. Consequently, over the past century a number of attempts have been 
made to standardize the various systems of buoyage. International conferences have 
been held on the subject and recommendations have been made. These recommenda- 
tions have often been conflicting, however, and although the differences in the various 
methods as applied to the cardinal system are comparatively slight, two distinct 
methods of applying the lateral system have evolved. The major discrepancy has 
been in the colors of the buoys and of their lights. 

In 1889 the International Marine Conference held in Washington, D. C., recom- 
mended that in the lateral system starboard hand buoys be painted red and port hand 
buoys black. With the introduction of lighted aids to navigation, these reeommenda- 
tions logically led to the use, by nations which had accepted the recommendation, of 
red or white lights on the starboard side and green or white lights on the port side. 

In 1936 in the most recent international pronouncement on the subject, a League 
of Nations subcommittee recommended a coloring system diametrically opposed to 
the 1889 proposal. This is part of the Uniform System, and it provides for black 
buoys with green or white lights on the starboard side and red buoys with red or white 
lights on the port side. 

Most maritime countries using the lateral system have adopted one of these two 
systems, usually with small variations. It may be said that, very generally, European 
countries follow the Uniform System of 1936 and most other countries follow the system 
proposed in 1889. Special Publication No. 38 of the International Hydrographic 
Bureau, Systems of Maritime Buoyage and Beaconage Adopted by Various Countries, 
contains discussions and illustrations of the systems actually used by 39 maritime 
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countries, as well as the Uniform System. When actually piloting, the navigator should 
wn every case consult the latest nautical literature of the country in question. The following 
is an abridgement of parts of IHB Special Publication No. 38: 


United States System 


The waters of the United States are marked by the lateral system of buoyage 
recommended by the International Marine Conference of 1889. As all channels do 
not lead from seaward, arbitrary assumptions are at times made in order that the 
system may be consistently applied. Along the sea coasts of the United States, the 
characteristics are based upon the assumption that proceeding ‘from seaward”’ consti- 
tutes a clockwise direction: a southerly direction along the Atlantic coast, a northerly 
_ and westerly direction along the Gulf coast, and a northerly direction along the Pacific 
coast. On the Great Lakes, a westerly and northerly direction is taken as being ‘“‘from 
- seaward” (except on Lake Michigan, where a southerly direction is used). On the 
Mississippi and Ohio Rivers and their tributaries, the characteristics of aids to naviga- 
tion are determined as proceeding from sea toward the head of navigation. On the 
Intracoastal Waterway, proceeding in a generally southerly direction along the Atlantic 
coast and in a generally westerly direction along the Gulf coast is considered as pro- 
ceeding ‘‘from seaward.” 

The continuation of the lateral system along the coasts in the order indicated 
refers only to the side of the vessel on which buoys are to be kept, as indicated by 
color, shape, and light, if any; there is no numerical continuity between coast buoys. 
In fairways and channels, however, buoys are numbered consecutively from seaward. 

In the United States System, lighted buoys, bell buoys, whistle buoys, and combi- 
nation buoys differ in shape (fig. 917) from the unlighted buoys shown in this appendix, 
but not in color or marking. 

In the Mississippi River, the numbering and lighting of buoys differ from that 
shown under “Fairways and Channels.” 


Uniform System 


As recommended by the League of Nations in 1936, a country uses the Uniform 
Lateral System or the Uniform Cardinal System, or both, according to its requirements 
or preference. When both are used, the transition from one to the other must be clearly 
indicated in appropriate publications, such as sailing directions, or by suitable buoyage 

marks. 
Both the Uniform Lateral System and the Uniform Cardinal System employ 
topmarks as an additional means of identification. Unless otherwise stated in this 
appendix, a topmark is painted the darker of the colors used on the buoy. They are 
optional in every case except on wreck buoys in the Uniform Cardinal System. Top- 
marks are not used in the United States System. 

In both the Uniform Lateral System and the Uniform Cardinal System, lighted 
buoys have the same shape as the unlighted buoys shown. This differs from the United 
States System, in which distinctively shaped buoys are used for lighted aids. 

In both the Uniform Lateral System and the Uniform Cardinal System, a quick 
flashing light is regarded as a single flashing light. 

The numbering or lettering of fairway and channel buoys is an optional feature 
of the Uniform Lateral System. In the United States System these buoys are always 
numbered, commencing from seaward. 


978 


Buoy: 


MARKING: 


LIGHTED Buoy: 


Buoy: 


MARKING: 


LIGHTED Buoy: White or green, interrupted quick flashing. 
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SYSTEMS 


UNITED STATES SYSTEM 


Port HAND 


Odd numbers, 
seaward. 


White or green, flashing or occulting; 
or, when marking important turns, 


quick flashing. 


MAIN CHANNEL TO RIGHT 


& 


May be lettered. 


Fairways and Channels 


STARBOARD HAND 


A | 


Even numbers, commencing from 
seaward. 


| 


commencing from 


White or red, flashing or occulting; or, 
when marking important turns, 
quick flashing. 


Middle Grounds 


MAIN CHANNEL To LEFT 


A | 


May be lettered. 


| 


White or red, interrupted quick flashing. 


Where channels are of equal importance, either of the above buoys is used, without regard to the uppermost band. 


Buoy: 


MARKING: 


LIGHTED Buoy: 


Buoy: 


MARKING: 


LIGHTED Buoy: 


Where wrecks or other obstructions may be passed on either hand, either Middle Ground buoy is used, without 


Mid Channel 


oA 


May be lettered. 
White, short-long flashing. 


Wrecks or Other Obstructions 


To BE PAssED ON Port HaANnpD 


Usually lettered ‘““WR.”’ 
White or green, quick flashing. 


regard to the uppermost band. 


To BE PASSED ON STARBOARD HAND 


A | 


Usually lettered ‘“WR.” 


| 


White or red, quick flashing. 


SHAPE: 


COLOR: 


MARKING: 


LIGHTED Buoy: 


TOPMARK: 


Buoy: 


MARKING: 
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UNITED STATES SYSTEM 


Miscellaneous 


Special Purpose —White-and-international orange horizontal or vertical bands. 


Optional. 

Quarantine — Yellow. 

Anchorage — White. 

Fish Nets—Black-and-white horizontal bands. 
Dredging —White with green top. 
Seadromes—Y ellow-and-black vertical stripes. 
May be lettered. 


Any color except red or green; fixed, occulting, or slow flashing. 


UNIFORM LATERAL SYSTEM 


Fairways and Channels 


Port HAND 


a Tf | 


“T” shaped topmark 
not used ,at channel 
entrance. 


a | 


STARBOARD HAND 


a P| 


Diamond-shaped top- 
mark not used at 
channel entrance. 


AaAli 


In secondary channels only, yellow may be substituted for white in checkered buoys. 


Even numbers, commencing 
from seaward. 


LIGHT: Red, single flashing or occulting or group 


flashing or occulting, with a number of 
flashes or occultations up to four; or 
white, group flashing or occulting 
(2 or 4); both red and white with above 
characteristics. 


Odd numbers, commencing 
from seaward. 


White, single flashing or occulting, or 
group flashing or occulting (3); or green, 
of a different character from wreck 
markings; or both white and green with 
the above characteristics. 
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UNIFORM LATERAL SYSTEM 


Middle Grounds 


MAIN CHANNEL CHANNELS OF MAIN CHANNEL 
To RIGHT EQUAL IMPORTANCE To LEFT 
TOPMARK: 

Bifurcation 3 J @ @ a a 

® @ © 

Junction as es ofl, a ry r 

e O 8 

Buoy: \ ' ' 
LicgHT: Distinctive where possible. Distinctive where possible. Distinctive where possible. 


Mid Channel 


TOPMARK: Shape optional, but not conical, cylindrical, or spherical. 
Buoy: Shape optional, but not conical, cylindrical, or spherical. 
CoLor: Red-and-white or black-and-white vertical stripes; topmark red or black to conform with buoy. 


LicHT: Different from neighboring lights. 


Marking of Wrecks 


To BE PAssEpD ON To BE PASSED ON To BE PAssED ON 
Port HAnpD HITHER HAND STARBOARD HAND 
By Buoys 
TOPMARK: ee @ y N 
Buoy: | 
MARKING: “W”’ in white. “W”’ in white. “W” in white. 
LIGHT: Green, group flashing (2). Green, single occulting. Green, group flashing (3). 
By Vessels 
VESSEL: 


MaRKING: “W”’or““WRECK”’ in white. “W "or“WRECK” in white. “Wor “WRECK” in white. 
LIGHT: Fixed green, corresponding in number and arrangement to shapes displayed by day. 


BELL: Two strokes at intervals of | Four strokes at intervals of Three strokes at intervals of 
not more than 80 seconds. not more than 30 seconds. not more than 30 seconds. 
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UNIFORM CARDINAL SYSTEM 


Danger Markings 


N 
W - NE 


TOPMARK: 


Buoy: z 


LIGHT: White. Preferably flashing 
or group flashing, with odd 
number of flashes; or occulting 
or group occulting, with odd 
number of occultations. 


a 
Vv 


TOPMARK: 


Buoy: A 


LIGHT: Red, preferably, or white. 

Flashing or group flashing, pref- 
erably, with odd number of 
flashes; or occulting or group 
occulting with odd number of 
occultations. 


» 4 
TOPMARK: yN 


Buoy: 


LicHTt: White. Preferably group 
flashing with even number of 
flashes, or group occulting with 
even number of occultations. 


TOPMARK: 


LicHT: Red, preferably, or white. 
Group flashing, preferably, with 
even number of flashes; or group 
occulting with even number of 
occultations. 


SE 


SW 
Variations in Danger Markings 
Northern Eastern Southern Western Northern Eastern 
Quadrant Quadrant Quadrant Quadrant Quadrant Quadrant 


EE ee 


Note: The number of characteristic shapes employed for the 
buoy itself may be limited to two, the conical shape being 
employed in the northern and eastern quadrants and the 
cylindrical shape in the southern and western quadrants, as 


shown above. 


Note: When spars only are used, it 
may be advantageous in the 
northern and eastern quadrants to 
reverse the positions of the dark 
colors, as shown above. 


982 APPENDIX J: BUOYAGE SYSTEMS 


UNIFORM CARDINAL SYSTEM 


Marking of Wrecks 
WESTERN QUADRANT EASTERN QUADRANT 
TOPMARK: W YN 
A » 4 
Buoy: 
all aal 

MARKING: “W”’ in white, if possible. “W”’ in white, if possible. 

LIGHT: Green, quick flashing. Green, interrupted quick flashing. 


In the Uniform Cardinal System, wreck buoys are not used in the northern or southern quadrants. 


UNIFORM SYSTEM—LATERAL AND CARDINAL 
(Common To Both) 


Isolated Dangers 


TOPMARK: @ © i 
Buoy: 
LIGHT: White or red, rhythmic. 
Miscellaneous 


TOPMARK: Landfall —Shape optional, but not misleading. 
Transition— Shape optional, but not misleading. 
Others— None. 


Buoy: Shape optional, but not misleading. 


COLOR: Landfall—Black-and-white or red-and-white vertical stripes. 
Transition —Red-and-white or black-and-white spiral bands. 
Quarantine —Y ellow. 
Outfall—Yellow above and black below. 
Military Practice Area—White, with two blue stripes rising from the waterline and 
intersecting at right angles on top of the buoy, and, optionally, lettering in the 
national language indicating a danger area (e.g., in English, ‘‘D.A.’’). 


LIGHT: Landfall —Rhythmic. 


Outfall— Optional, with due regard to other lights in the area. 
Others—None. 


APPENDIX K 
CHART SYMBOLS 
(Extracts from Chart No. 1, September 1963) 


GENERAL REMARKS 


Chart No. 1 contains the standard symbols and abbreviations which have been approved for 
use of nautical charts published by the United States of America. 

Symbols and abbreviations shown on Chart No. 1 apply to the regular nautical charts and may 
differ from those shown on certain reproductions and special charts. 

Terms, symbols and abbreviations are numbered in accordance with a standard form approved 
by a Resolution of the Sixth International Hydrographic Conference, 1952. 

Vertical figures indicate those items where the symbol and abbreviation are in accordance with 
the Resolutions of the International Hydrographic Conferences. 

Slanting figures indicate those items where the symbol and/or abbreviation differ from the Resolu- 
tions of the Conferences, or for which Resolutions do not yet exist. 

(Those items which differ from the Resolutions are underlined.) 

Slanting letters in parentheses indicate that the items are in addition to those shown on the approved 
standard form. 

Colors are optional for characterizing various features and areas on the charts. 

Lettering styles and capitalization as used on Chart No. 1 are not always rigidly adhered to on 
the charts. 

Longitudes are referred to the Meridian of Greenwich. 

Scales are computed on the middle latitude of each chart, or on the middle latitude of a series 
of charts. 

Buildings—A conspicuous feature on a building may be shown by a landmark symbol with 
descriptive note (See L-63 & I-n). Prominent buildings that are of assistance to the mariner are 
crosshatched (See I-8a, 5, 47 & 66). 

Shoreline is the line of Mean High Water, except in marsh or mangrove areas, where the outer 
edge of vegetation (berm line) is used. A heavy line (A-9) is used to represent a firm shoreline. A 
light line (A-7) represents a berm line. 

Heights of land and conspicuous objects are given in feet above Mean High Water, unless other- 
wise stated in the title of the chart. 

Depth Contours and Soundings may be shown in meters on charts of foreign waters. 

Visibility of a light is in nautical miles for an observer’s eye 15 feet above water level. 

Buoys and Beacons—On entering a channel from seaward, buoys on starboard side are red with 
even numbers, on port side black with odd numbers. Lights on buoys on starboard side of channel 
are red or white, on port side white or green. Mid-channel buoys have black-and-white vertical 
stripes. Junction or obstruction buoys, which may be passed on either side, have red-and-black 
horizontal bands. This system does not always apply to foreign waters. The dot of the buoy 
symbol, the small circle of the light vessel and mooring buoy symbols, and the center of the beacon 
symbol indicate their positions. 

Improved channels are shown by limiting dashed lines, the depth, month, and the year of latest 
examination being placed adjacent to the channel, except when tabulated. 

U.S. Coast Pilots, Sailing Directions, Light Lists, Radio Aids, and related publications furnish 
information required by the navigator that cannot be shown conveniently on the nautical chart. 

U.S. Nautical Chart Catalogs and Indezes list nautical charts, auxiliary maps, and related publi- 
cations, and include general information (marginal notes, etc.) relative to the charts. 

A glossary of foreign terms and abbreviations is generally given on the charts on which they 
are used, as well as in the Sailing Directions. 

Charts already on issue will be brought into conformity as soon as opportunity affords. 
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The Coastline (Nature of the Coast) 


ne a af NG 


. 
mA SS 
“Mangroves ( 
\ ye 
eee 
1! 


i 


7 Mangrove 
high 
2 Steep coast (Bluff) 8 Surveyed coastline 
—- 
A A t ‘| 
2a Flat coast 9 High water line | ie PG BE ee gist 
a ° Uncovers : = 
eet SS a 
= 
Cif OMETEOEH 
: 12 Break i h 
3 Cliffy coast ee Low water line | cede (See 0.25) 5 ERS 
11 Foreshore | 


(Strand in general) 


3a Frocky coast ———— 


—— 


d a 
yews pe ee 
unsl Par ae) 1 
Bey rics 13 
be 
aL 2 17 


4 Sandhills; Dunes 


5 Stony or Shingly shore 
= 


(Aa) Frubble | 


i 
RIE SRE cee | 


6 Sandy shore 11d frock, uncovers at sounding eeu) trom older surveys oy 


datum (See A-/Ig) small-scale charts 
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Gulf 
2 ney vue 
| (Ba) B Bayou 5d Nipa palm 
Sed. Fjord 16 Lagoon (Lag) 
eT: Loch; Lough; : 
Lake 1 Contour lines (Contours)| 5e Filao 
a (Ole Creek 
sa C Cove Feats | me 
6 In Inlet ' 
AS ae 5f Casuarina 
& Sd Sound 
9 ass Passage; Pass 1a Contour. lines, eas) 17. Marsh; Swamp 


Thoro  Thorofare approximate 6 Cultivated fields 


10 Chan Channel 
10a Narrows 
a1. = Entr _— Entrance 
IZLE SE Estuary 
12a Delta 

13° Mth Mouth 
14 Rd Road; Roadstead 
15 Anch Anchorage 

16 Hobr Harbor 


18 Slough (Slu.) 


2 Hachures 
19 Rapids 


7a Park; Garden 


léa Hn Haven 
Lie P. Port ? 
s we 20 Waterfall. 

(Bb) P Pond 5, Form lines, no definite | 8 Bushes aa 
TS pel Island 2 interval 
ph) = abe /slet 
20 Arch Archipelago (rea plentstion 
21 Pen. Peninsula 84 in general 21 Spring 
22a Cape 
23 Prom  Fromontory 
24 Hd Head; Headland 2b Shading 9 Deciduous woodland 
25m PE Point 

Mountain; 
26 Mt , 

Mount 

27 Rége Frange 
27a Valley 
28 Summit 
29 .Pk Peak 
30 =6Vol Volcano 
31 ip Tree top elevation 


32 Bld Boulder 
“— S ce 


Table-land 
se (Plateau) 
35 Rk Rock 
36 /solated rock 5 /solated trees 
(Bc) Str Stream 
(Bd) R River 


(Be) Slu Slough 
(Bf) Lag Lagoon 
(Bg) Apprs Approaches 
Pocky 


Deciduous or of unknown 


5a or unspecified type 


5b Coniferous 


5c Palm tree 


a il aah el Ne ai al i 


Control Points 


(Dc) Ge Peak, elevation not determined 


Peak, when a landmark 


4 @ Obs Spot Observation spot 


5 BM Bench mark 
co tea See View View point 
7 Datum point for grid of a plan 
8 Graphical triangulation point 
9 Astro Astronomical 
10 Tri Triangulation 
(De) CofE Corps. of Engineers 
12 Great trigonometrical survey station 
13 Traverse station 
14 Bdy. Mon Boundary monument 
(D) International boundary monument 


Triangulation point (station) 


Fixed point (landmark) (See L-63) 


Summit of height (Peak) 
(when not a landmark) 


Peak, accentuated by contours 


Peak, accentuated by hachures 


Hour 


Minute (of time) 


3 sec Second (of time) 
Meter 


Decimeter 


Centimeter 


4c mm Millimeter 
4d m? Square meter 
3 


Cubic meter 


Kilometer 


Inch 


Foot 
Yard 
Fathom 
Cable length 


Nautical mile 


Knot 


Ton 


12b 


(Ea) 
(Eb) 


St. M 
Msec 


ne cae) 
Latitude 
Longitude 
Publication 
Edition 
Correction 
Altitude 
Height; Elevation 
Degree 

Minute (of arc) 
Second (of arc) 


Number 


Statute mile 


Microsecond 
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F 


© MN AA A WH HN 


Petey i) Sy ie ee Sy 
GUUS e CU IN Coetg ia 


18a 


& bd i) OOH 
LGSR S@eRR LY PV wer se 


(Fa) 
(Fb) 
(Fc) 
(Fd) 
(Fe) 
(FY) 
(Fg) 
(Fh) 
(Fi) 
(Fj) 
(Fk) 


(FU 
(Fm) 
(Fn) 


gt 
lit 
Irg 
sml 


mid 
anc 


Sir 


conspic 
D., Destr 


dist 
abt 


sub 
AERO 


exper 
discontd 
prohib 
explos 
estab 
elec 
priv 
prom 
std 
subm 
approx 
unverd 
AUTH 

Ck 
maintd 
aband 
cor 


Adjectives, Adverbs 


* and other abbreviations 


Great 

Little 

Large 

Sma// 

Outer 

/nner 

Middle 

Old 

Ancient 

New 

Saint 
Conspicuous 
Remarkable 
Destroyed 
Prayected 
Distant 
About 

See chart 
See plan 
Lighted; Luminous 
Submarine 
Eventua/ 
Aeronautical 
Figher 
Experimental 
Discontinued 
Prohibited 
Explosive 
Established 
Electric 
Private, Privately 
Prominent 
Standard 
Submerged 
Approximate 
Unverified 
Authorized 
Clearance 
Maintained 
Abandoned 
Corner 
Concrete 
Flood 
Extreme 
Moderate 
Between 


First 
Second 
Third 

Fourth 


Teo ae 


pie atin bn 


EN ee GE RNR ee ee ee ee a 
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Ports and Harbors 


Berth 
Anchoring berth 


Anch Anchorage (large vesse/s)| 20 


Anch Anchorage (small vesse/s) 
Hor Harbor 


Berth number 


Haven 


21 i 
Soe | Dol Dolphin 


22 Bollard 


Breakwater : 
23 Mooring ring 
Dike 24 Crane 
Male 25 Landing siage 
25a Landing stairs 
Jetty (parily below 26 Quar Quarantine 
MHW) Diy Lazaret 
28 Harbor Master Harbor master’s office 
Submerged jetty 29 Cus Ho Customhouse 
30 Fishing harbor 
5 : 
Jetty (sma// scale) : Lela 
32 Frefuge harbor 
Pap $8} B Hbr Boat harbor 
Stranding harbor 
, af fomeni ers at LW) 
a 35 Dock 
Groin (partly below 36 Dry dock (actual shape 
MHwW) on large-scale charts) 
ANCH _ Anchorage prohibited 37 Floating dock(actua/shape 
1) PROHIB (See P-25) on large-scale charts) 
Spor! ’ é 
ee 38 Gridiron; Careening grid 
een gr oune 39 Patent slip; Slipway; 
een ee Marine railway 
83. 39a Ramp 
| Orvsposal Area , 
(Gc) — 'Depths from survey Disposal area oohes 
| of June 1963 | 400 Lock (point upstream) 
(See H-/3) 
41 Wet dock 
Fisheries; Fishing stakes | 42 Shipyard 
43 Lumber yard 
Fish trap; Fish weirs = we ; 
(actual shape charted) | 44 Health officer's office 
; on Hulk (actual shape on |rg. 
146 Duck blind 45 scale charts) (See O-//) 
Tunny nets (See G-/4a) 46 Dia fed ares 
Oyster bed Tee Anchorage for seaplanes 
48 . Seaplane landing area 
Landing place 
49 Work in progress 
tering pl 1 
Pater ing Drees 50 Under construction 
Wharf 
0 Submerged ruins 
vay 


988 APPENDIX K: CHART SYMBOLS 
po ee 
SSSSSSS5 5555555 
ES eee 


Foad(Rd) or Highway (Hy) 


Small-scale chart 


Bridge (BR) in general 


1 


2. Track, Footpath, or Trail 


Same grade Ry. above Ry. below 14d 
3 Railway(Ry) (single or double track), Railroad (RR) [— 


Stone, concrete bridge (Same as H-/4) 


14b Wooden bridge (Same as H-/4) 


14c¢_ /ron bridge (Same as H-/4) 


Suspension bridge (Same as H-/4) 


15 = Drawbridge (in genera/) 


16 = Swing bridge (Same as H-/5) 


3c Junne/ (railroad or road) ive a 


16a 


4 Overhead powercable  (ovHp. PWR. CAB:) 
ere 17_ Pontoon bridge 


5 Power transmission /i ‘ 
ee 17a___ Footbridge 


5a Power transmission mast 18 Transporter bridge (Same Ab H-/4) 


6 Prominent telegraph or telephone /ine 18a Bridge clearance, vertica/ 


7 Aqueduct; Water pipe 


Bridge clearance, horizontal 


8 Viaduct 


8a Oi/ pipeline 


iz 


Ferry (Fy) 


OF Sait aa 
Fue “Piling 


9 Pile; Piling, Post (above MHW) (See L-59, 0-30) | 20 Ford 


9a Mast T 21. Dam 


———_——$ 
10 Highway (See H-/) 22 ‘Fence : 
— 


ie 23 Training wall 


WA 


(Ha) Log boom 


. 


8a 


a 
Lal 


ln te le 


a 
8 


| 
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Buildings and Structures (see General Remarks) 


Ch 
Cath 


Bsn i:¢ 


Pag 


| City or Town (large scale) 


~ City or Town (small scale) 


Suburb 

Village 

Buildings in general 
Castle 

House 

Villa 

Farm 

Church 

Cathedra/ 

Spire; Steeple 
Christian Shrine 
Roman Catholic Church 
Temple 

Chape/ 

Mosque; Minaret 
Moslem Shrine 
Marabout 

Pagoda 

Buddhist Temple; Joss-House 


Shinto Shrine 

Monastery; Convent 

Calvary; Cross 

Cemetery, Non-Christian 
Cemetery, Christian 

Tomb 

Fort (actual shape charted) 
Battery (Same as |-/9) 
Barracks 

Powder magazine 

Airplane landing field 
Airport, large scale (See P-/3) 
Airport, military (small scale) 
Airport, civil (small scale) 


Mooring mast 


Street 


26a panes Ave 


(re) CBB 31,4 

27 Tel 

28 Tel. Off 
29 Pe 

30 Govt. Ho 
31 

32 Hosp 
33 

34 Magz 


Avenue 

Boulevard 
Telegraph 
Telegraph office 
Post office 
Government house 
Town hall 

Hospital 
Slaughterhouse 
Magazine 
Warehouse; Storehouse 
Monument 

Cupola 

Elevator; Lift 
Elevation; Elevated 
Shed 

Zinc roof 

FRuins 


Tower 


, Mindmill 


Watermi// 


43a * Oe Windmotor 


a4 [Oeuw) [Pen] 


ie 
51 (SR 


Chimney, Stack 


Water tower, Standpipe 
Oil tank 

Factory 

Saw mil 

Brick kiln 

Mine ; Quarry 

Well 

Cistern 

Tank 


Noria 


Fountain 


(Ja) 


Sta 


Sta 


1Oc.6 


WALLIS SANDS 


Rkt. Sta 


© ©PIL. STA 
Sig. Sta 
Sem 


S. Sig Sta 


© w.s. sic. sta 
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Institute 
Establishment 
Bathing establishment 
Courthouse 
Schoo/ 

High schoo/ 
University 
Building 
Pavilion 

Hut 

Stadium 


Telephone 


Gas tank; Gasometer 


Gable 
Wall 
Limited 
Apartment 
Capito/ 
Co Company 
Corp Corporation 


Landmark (conspicuous object) 


Landmark (position approx.) 


Miscellaneous Stations 


Any kind of station 
Station 
Coast Guard station 


(Similar to LS. S.) 


Coast Guard station 
(when landmark) 
Lookout station; Watch tower 
Lifeboat station 
Lifesaving station 


(See J-3) 


Frocket station 

Pilot station 

Signal station 
Semaphore 

Storm signal station 


Weather signal station 


Weather Bureau signal station 


(Jd) 


(Je) 


fe) 
BELL 


° 
HECP 


Tide signal station 
Stream signal station 
Ice signal station 
Time signal station 
Time bal/ 

Signal mast 
Flagstaff ; Flagpole 
Flag tower 

Signal 

Observatory 


Office 


Bell (on land) 


Harbor entrance contro/ post 
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Lights 


Position of light 29 fants Fixed and flashing light 
ut Light 30 F Gp Fl Fixed and group flashing light 
Riprap surrounding light 31 Rot Revolving or Rotating light 
3 Lt. Ho Lighthouse (Khb) Mo Morse code 
4 @acro Aeronautical light (See F-22) 41 Period 
4a Marine and air navigation light 42 Every 
3 @ @ Bn Light beacon 43 With 
6 e Light vessel, Lightship 44 Visible (range) 
8 Lantern (Ke) M Nautical mile 
(See E-//) 
9 Street lamp (Kd) m: min Minutes 
(See E-2) 
10 REF Reflector (Ke) sec Seconds 
oe, (See E-3) 
11 Leading light 
45 Fl Flash 
12 Sector light 
aaa 46 Occ Occultation 
13 Directional light 46a Eclipse 
47 Gp Group 
14 Harbor light 
P 48 
a Feiag lioht Occ Intermittent light 
16 Tidal light 49 SEC Sector 


Private light (maintained by 
private interests; to be 50 Color of sector 
used with caution) 


51 Aux Auxiliary light 
21 lF Fixed light 52 Varied 
22 Occ Occulting light 
23 Fl Flashing light 61 Vi Violet 
24 Qk FI Quick flashing (scintillating) light | 62 Purple 
24a acta Interrupted quick flashing light 63 Bu Blue 
(Kb) E tnt qual interval (isophase) light 64 G Green 
25a S Fl Short flashing light 65 Or Orange 
26 Alt Alternating light 66 R Fred 
27 Gp Oce Group occulting light 67 | Ww White 
28 Gp Fl Group flashing light 67a Am Amber 
28a S-L FI Short-long flashing light 68 OBSC Obscured light 


Fog Det Lr Fog detector light (See Nb) 


Group short flashing light (Kf) 
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Lights 


Unwatched light 
Cocaine hight 
Irregular light 
Provisional light 
Temporary light 
Destroyed 
Extinguished light 
Faint light 
Upper light 
Lower light 
Rear light 


Position of buoy 


Light buoy 

Bel! buoy 

Gong buoy 

Whistle buoy 

Can. or Cylindrical buoy 


Nun or Conical buoy 


Spherical buoy 


Spar buoy 


Pillar buoy 


Buoy with topmark (ball 
(See L-70) ) 


Barrel or Ton buoy 


Color unknown 
Float 


Lightfloat 


Outer or Landfall buoy 


Fairway buoy (BWVS) 


Mid-channel buoy (BWVS) 


Starboard-hand buoy (entering 
from seaward) 
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(continued) 


Front light 


Vertical lights ‘3 
Horizontal lights 
Vertical beam 

Frange 

Experimental light 
Temporarily replaced by 


lighted buoy showing the 
same characteristics 


Temporarily replaced by 
unlighted buoy 


Temporary lighted buoy 
Temporary unlighted buoy 


Port-hand buey (entering from 
séaward) 


Bifurcation buoy (RBHB) 


Junction buey (RBHB) 


Isolated danger buoy (RBHB) 


Wreck buoy (RBHB or G) 


Obstruction buoy (RBHB or G) 


Telegraph-cable buoy 


Mooring buoy (colors of moor - 
ing buoys never carried) 


Mooring 


Mooring buoy with telegraphic 
communications 


Mooring buoy with telephonic 
communications 


Warping buoy 


Quarantine buoy 


Explosive anchorage buoy 


Aeronautical anchorage buoy 


Compass adjustment buoy 


Fish trap buoy (BWHB) 


Spoil ground buoy 


Anchorage buoy (marks limits) 


Private buoy (maintained by pri- 
vate interests, use with caution). 


~~ 


30 


ee 
i 


42 

43 WA 

44 

as N 

46 

47 

48 = 

(Ld) 

(Le) 

51 a 
aan 

524 (ABn 


Bu 


Am 


Or 
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Buoys and Beacons (continued) 


(Soe Mehmet) 
Winter buoy 
Horizontal stripes or bands 
Vertical stripes 
Checkered 
Diagonal buoy 
White 

Black 

Fed 

Yellow 

Green 

Brown 

Gray 

Blue 

Amber 


Orange 


Floating beacon 


Fixed beacon (unlighted or 
daybeacon) 


Black beacon 

Color unknown 

Private aid to navigation 
Beacon, in general (See L-52) 


Tower beacon 


55 


56 


o7 


58 


62 


mor 
Lh) a oo 


70 Note: 
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Cardinal marking system 

Compass adjustment beacon 

Topmarks (See L- 9, 70) 

Telegraph-cable (landing) 
beacon 

Piles (See 0-30, H-9) 

Stakes 

Stumps (See O-30) 


Perches 


Cairn 
Painted patches 
Landmark (conspicuous object) 


(See D-2) 

Landmark (position 
approximate) 

Freflector 


Fange targets, markers 


Specia/-purpose buoys 


TOPMARKS on buoys and beacons may 


be shown on charts of foreign waters. 
The abbreviation for black 1s not 


shown adjacent to buoys or beacons. 


Li) (PS [Rarer 


Radar reflector (See M-/3) 


d 


Zo 
wo 
=) 


L 


10 


Hye 


11 (©) rs 
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Radio and Radar Stations 


a 
o 
= 


2 
o 


rad 
2 
= 


(Ma) i) TELEM ANT 


| 


© R. MAST 


Or. tr 


(Mb) Ott 
R. TR. 
10 Ovcweal) 
1090 Ke 
10a °R. Sta 


GUN 


SUB-BELL 


SUB-BELL 


SUB-OSC 


NAUTO 


DIA 


GUN 


S/REN 


Fradio telegraph station 


12 (© recon Fradar responder beacon 


13 we. Ra Ref Fradar reflector (See L/) 


Fradio telephone station 


Fradiobeacon 14 Ra(conspic) /adar conspicuous object 


Circular radiobeacon Ramark 


Distance finding station 


Directional radiobeacon; (synchronized signa/s) 


Fradio range 


Rotating loop radiobeacon (Mc) = Aeronautical radiobeacon 


; AERO R. Rge 
Fradio direction finding station | (Md) 342 ee Aeronautical radio range 
Telemetry antenna (Me) 


Fradio mast Caner ; 
Fradio tower (Mf) 190 Ke Conso/ (Consolan) station 


Television tower 


Ra Ref , : 
Calibration Bn ‘fader calibration beacon 


(Mg) 9 Loran Sta Loran station (name) 
Venice 
Fradio broadcasting station 
(commercial) (Mh) © LORAN TR Loran tower (name) 


SPRING ISLAND 
ey eo 


Q.7.G. Radio station 


Fradio calling-in point 
for traffic contro/ 


Radar station 


Fog-signal station Fog trumpet 


Fradio fog-signal station Fog horn 


Explosive fog signal Fog bell 


Submarine fog signal Fog whistle 


Submarine fog bell 
(action of waves) 


Feed horn 


Submarine fog bell 
(mechanica/) 


Fog gong 


Submarine oscillator Submariné sound signal not 


connected to the shore 


Natiombons (See N-5,6, 7) 
18a Submarine sound signal 
connected to the shore 
Diaphone (See N-5,6, 7) 
Fog gun (Na) HORN Typhon 
Fog siren (Nb) Fog Det Lt Fog detector light (See Kf) 


a 


aes 


Ww ery ee 
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Dangers 


. = 


Wreck showing any portion of hull or 
superstructure above sounding datum 


12. Wreck with only masts visible 
above sounding datum 


27 Obstruction 


28 Wreck (See O-// to /6) 


29 Wreckage 


Frock which does not cover 
(elevation above MHW) 
(See general remarks) 


29a Wreck remains (dangerous 
only for anchoring) 


2 Fock which covers and uncovers, 
with height in feet above chart 
(sounding) datum 


13 Old symbols for wrecks 


ee 13a Wreck always partially submerged 


. 


Sunken wreck which may be dangerous 
to surface navigation (See O-6a) 


15 Wreck over which depth is known 


16 Sunken wreck, not dangerous to 
surface navigation 


17 Foul ground 


30 Submerged piling 
(See H-9, L-59) 


30a Snags; Submerged stumps 
(See L-59) 


3. Rock awash at the level of chart 
(sounding) datum 


When rock of O-2 or O-3 is con- 
sidered a danger to navigation 


Lesser depth, possible 


4 Sunken rock with less than 6 
feet of water over it 


(Same as O-26) 


Uncov Dries(See A-/O,; O-2, /O) 
33 Cov Covers (See O-2, /O) 
34 Uncov Uncovers 


(See A-/0,; O-2, /O) 


5 Sunken rock with between 6 and 
33 ft. of water over it 
(Same as O-26) 


5a _ Shoa/ sounding on isolated rock 
(replaces symbo/) 


Reported (with date) 


6 Sunken rock with more than 
66 feet of water over it 


(Same as 0-26) 


18 Overfalls or Symbol used only 
Tide rips in small areas 


Eddies 


36 Discol Discolored (See O-9) 
37 Isolated danger 


Symbol used only 
in small areas 


6a Sunken danger with depth cleared 
by wire drag (in feet or fathoms) 


Symbol used only 
20 Kelp, Seaweed in small areas 


7  Freef of unknown extent 


Position approximate 
(We “f22/6) Position doubttul 

43 ED Existence doubtfu/ 
44 P Pos Position 
Doubttul 


Bank 
22 Sh/_— Shoal 

23 RF Reef (See A-//d,/!9;0-/O) 
Ridge 
Ledge 


8 Submarine volcano 


9 Discolored water 


10 Coral reef, detached (uncovers at) 25 Breakers (See A-/2) 


sounding datum) 


tform (unnamed) 


ii 


. 


When rock 1s considered a 
danger to navigation 


a Linck es 


Offshore platform (named ) 


Coral or Rocky reef, covered at 


sounding datum (See A-/Id, //g) (Oc) 
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P Limits, etc. 


. Various 
1 eee 


2 Transit 


Leading line; Frange line 


In line with 


Limit of sector 


Channel, Course, Track 
recommended (marked b 
buoys or beacons)(See P-2/ 


Alternate course 


Leader cable 


Submarine cable (power, 
telegraph, telephone, etc.) 


Submarine cable area 
Submarine pipeline 


Submarine pipeline area 


Maritime limit in general 


Limit of restricted area 


Limit of fishing zone 
(fish trap areas) 


Limit of dumping ground, 
spoil ground (See P-9, G-/3) 


Ancnorage limit 


Limit of airport 
(See /-23, 24) 
Limit of sovereignty 
(Territorial waters) 
Customs boundary 


International boundary 
(also State boundary) 


Stream limit 

Ice limit 

Limit of tide 

Limit of navigation 


Course recommended (not 
marked by buoys or 
beacons)(See P-5) 


District or province limit 


Reservation line 
Measured distance 


Prohibited area (See G-/2) 


10 


10a 


Il 


12 


13 


14 


15 


16 


24 FEET 
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MAY 1958 


Soundings 


Doubttul sounding 
No bottom found 


Out of position 
Least depth in narrow 
channel 


Dredged channel (with - 
Cong pid indicated) 


Dredged area 


Swept channel (See Q-9) 


Drying or uncovering height 
in feet above chart 
(sounding) datum 


Swept area, not adequately 
sounded (shown by 
greer tint) 


Swept area adequately 
sounded (swept by wire 
drag to depth indicated) 


Hair-line depths 


Figures for ordinary 
soundings 


Soundings taken from 
foreign charts 


Soundings taken from older 
surveys or smaller 
scale charts 


Soundings taken by echo 


Sloping figures 
(See Q-/2) 


Upright figures (See Q-/Oa) 


Bracketed figures 
(See O-/, 2) 


Underlined sounding figures 
ee Q-8) wig 


Soundings expressed in 
fathoms and feet 


Stream 


pt my 


12a 


13a 


(Sa) 


(Sb) 


Co 

Co Hd 
Mds 

Vo! 

Vol Ash 
La 
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Ground 


Sand 
Mud; Muddy 
Ooze 
Mar! 

Clay 

Grave! 
Shingle 
Pebbles 
Stones 
Frock; Rocky 
Boulders 
Chalk 
Calcareous 
Quartz 
Schist 
Coral 

Cora/ head 
Madrepores 
Volcanic 
Volcanic ash 
Lava 

Pumice 

Tuta 

Scoriae 
Cinders 
Manganese 
Shells 


Oysters 


| 


38a 


38b 


39 
40 
41 
42 
43 
44 
45 
46 
47 
47a 


48 


49 


Ms 


Spg 


Wd 
Grs 


Or continuous fines, 
with values 
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Mussels 
Sponge 
Kelp 
Seaweed 
Grass 


Seatangle 


Spicules 
Foraminifera 
Globigerina 
Diatoms 
Fadiolaria ; 
Pteropods 
Polyzoa 
Cirripeda 
Fucus 
Mattes 
Fine 
Coarse 
Soft 

Hard 

SHiff 
Smal/ 
Large 
Sticky 
Broken 
Ground 
Rotten 


Streaky 


76 


spk 


glac 


/t 
dk 


Speckled 
Gritty 
Decayed 
Flinty 
Glacial 
Tenacious 
White 
Black 
Violet 
Blue 
Green 
Yellow 
Orange 
Fed 
Brown 
Chocolate 
Gray 
Light 
Dark 


Varied 


Uneven 


Fresh water 
springs in 
sea-bed 
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1 HW 
la HHW 
2 
(Ta) LWD 
Zam isW. 
By WTF 
4 MSL 
4a 
5 
CammSe 
7 Np 
8 MHWS 
8a MHWN 
8b MHHW 
(Tb) MHW 
9 MLWS 
9a MLWN 
9b MLLW 
(Tc) MLW 
lO /SLW 
11 
12 
13 
13a 
14 
15 
16 
NG 
18 re 
19 ga 
o0 = 


21 OTide gauge 


23 vel. 
24 kn. 
25 ht. 
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TT’. Tides and Currents 


High water 
Higher high water 
Low water 

Low water datum 
Lower low water 
Mean tide leve/ 


Mean sea leve/ 

Elevation of mean sea leve/ 
above chart (sounding) datum 

Chart datum (datum for 
sounding reduction) 


Spring tide 

Neap tide 

Mean high water springs 
Mean high water neaps 
Mean higher high water 
Mean high water 

Mean low water springs 
Mean low water neaps 
Mean lower low water 
Mean low water 

Indian spring low water 


High water full and change (vul- 
gar establishment of the port) 


Low water full and change 
Mean establishment of the port 


Establishment of the port 
Unit of height 
Equinoctial 


Quarter; Quadrature 

Stream 

Current, general, with rate 
Flood stream (current) with rate 


£66 stream (current) with rate 
Tide gauge; Tidepole; 
Automatic_tide gauge 


Velocity, Fate 
Knots 

Height 

Tide 

New moon 
Full moon 
Ordinary 
Syeyyy 
Flood 

Ebb 

Tidal stream diagram 


Place for which tabulated tidal 
stream data are given 


Frange (of tide) 
Phase lag 


Current diagram, with 
explanatory note 


et Ks 
are 
NN ee 


Compass Rose 
The outer circle is in degrees with zero at true 
north. The inner circles are in points and degrees with 
the arrow indicating magnetic north. 


ib IN North 
2a East 
ES South 
4 W West 
by INE Northeast 
G SE Southeast 
GSN Southwest 
8&8 NW Northwest 
9 N Northern 
1 A= Eastern 
ik OS Southern 
12. W Western 
Pe Son eisy Bearing 
22 True 
23 mag Magnetic 
24 var Variation 
25 Annual change 
25a Annual change nil 
26 Abnormal variation; 
Magnetic attraction 
27 ~—s deg Degrees (See E-20) 
28 dev Deviation 
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UNITS OF DEPTH MEASUREMENT ON CHARTS 
OF VARIOUS NATIONS 


Equivalent in United States 
f ‘ units 
Nation Unit of depth measurement 


Feet Fathoms 


Argentina Braza 6.000 
Australia Fathom 
Belgium Metre 
Brazil Metro 
Canada Fathom 


Chile Metro 

Denmark Favn 

Meter 
Finland Metre 
France Metre 


Germany Meter 

Great Britain Fathom 
Greece Metre (Metpa) 
Italy Metre 

Japan Metre 


Netherlands Vadem 
Meter 
Norway Favn 
Meter 
Portugal Metro 


Russia (USSR) Sazhen’ 
Metre 
Thailand Metre 
Spain Metro 
Sweden Famn 
Meter 


Turkey Fathom (Kulac) 
Uruguay Metro 
Yugoslavia Metar 
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Area 


Admiralty Islands 
Alaska 

Algeria 

Angola 

Argentina 
Australia 


Azores 
Bahama Islands 


Belgium 
Bermuda 


Bismarck Archipel- 
ago 

Brazil 

British Guiana 

British Honduras 

Bulgaria 

Burma 

Cambodia 

Cameroon 

Canada 

Canal Zone (Atlan- 
tic) 

Canal Zone (Pacific) 

Canary Islands 

Caroline Islands 

Chile 

China 

Colombia (Atlantic) 

Colombia (Pacific) 

Congo 

Costa Rica (Atlantic) 

Costa Rica (Pacific) 

Cuba 

Denmark (Baltic) 

Denmark (North 
Sea) 

Dominican Republic 

Ecuador 

Egypt (Red Sea) 


APPENDIX M 
TIDAL DATUMS IN USE IN VARIOUS AREAS 


Datum Area Datum 
Lowest normal LW Egypt (Mediterra- | Mean LW springs 
Mean lower LW nean) 
Lowest LW E] Salvador Mean LW springs 
Lowest normal LW Estonia Mean sea level 
Lowest normal LW Ethiopia Indian spring LW* 
Lowest normal Finland Mean sea level 
We France Lowest LW 
Lowest normal LW French Guiana Lowest LW 
Mean lower LW French Somaliland Mean LW springs* 
springs Gabon Lowest LW 
Mean lower LW Gambia Mean lower LW 
springs springs 
Mean lower LW Germany (Baltic) Mean sea level 
Bprinles Germany (North | Mean LW springs 
Lowest normal LW Sea) 
Ghana Mean lower LW 


Indian spring LW* 
Lowest normal LW 
Mean LW springs 
Mean sea level 
Lowest normal LW 
Lowest LW 
Lowest LW 
Lowest normal LW 
Mean LW 


Mean LW springs 
Lowest normal LW 
Lowest normal LW 
Lowest normal LW 
Lowest normal LW 
Mean LW 

Mean LW springs 
Lowest LW 

Mean LW 

Mean LW springs 
Mean LW 

Mean sea level 
Mean LW springs 


Mean LW 
Mean LW springs 
Indian spring LW* 


Gilbert Islands 
Great Britain 
Greece 
Greenland 
Guadeloupe 
Guam 
Guatemala 
Guinea 

Haiti 

Hawaiian Islands 
Honduras (Atlantic) 
Honduras (Pacific) 
Iceland 

India 

Indonesia 

Tran 

Iraq 

Israel 

Italy 

Ivory Coast 
Jamaica 


Japan 
Kenya 


*The chart datum is somewhat lower than the datum indicated. 
**A chart datum approximating mean LW 


springs 
Mean LW springs 
Mean LW springs* 
Mean LW springs* 
Mean LW springs 
Lowest LW 
Mean lower LW 
Mean LW springs 
Lowest LW 
Mean LW 
Mean lower LW 
Mean lower LW 
Mean LW springs 
Mean LW springs 
Indian spring LW* 
Lowest normal LW 
Indian spring LW 
Indian spring LW 
Mean LW springs 
Mean LW springs 
Lowest LW 
Mean lower LW 
springs 
Indian spring LW 
Indian spring LW 


springs or Indian spring LW is used for a number of 
places on the north and northwest coasts of Australia. 


Area 


Korea 
Latvia 
Liberia 


Libya 
Lithuania 
Loyalty Islands 
Madagascar 
Madeira Islands 
Malaya 
Mariana Islands 


Marshall Islands 

Martinique 

Mauritania 

Mexico (part of 
Atlantic) 

Mexico (Pacific and 
part of Atlantic) 

Morocco 

Mozambique 

Netherlands 


New Caledonia 
New Hebrides 
New Zealand 
Nicaragua 
Nigeria 
Norway 


Pakistan 

Panama (Atlantic) 
Panama (Pacific) 
Papua 

Peru 

Philippines 
Poland 

Portugal 
Portuguese Guinea 
Puerto Rico 

Rio Muni 
Rumania 

Saipan 

Samoa 
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TIDAL DATUMS IN USE IN VARIOUS AREAS 


Datum 


Area 


Indian spring LW 
Mean sea level 
Mean lower LW 
springs 
Mean LW springs 
Mean sea level 
Lowest normal LW 
Lowest LW 
Lowest normal LW 
Lowest normal LW 
Lowest normal 
LWw** 


Lowest normal LW 
Lowest LW 
Lowest LW 

Mean LW 


Mean lower LW 


Lowest LW 

Lowest LW 

Mean lower LW 
springs 

Lowest LW 

Lowest normal LW. 

Lowest normal LW 

Mean LW springs 

Mean LW springs 

Equatorial spring 
L 


Lowest normal LW 
Mean LW 

Mean LW springs 
Lowest LW 

Mean LW springs 
Mean lower LW 
Mean sea level 
Lowest normal LW 
Lowest normal LW 
Mean LW 

Lowest normal LW 
Mean sea level 
Mean lower LW 
Mean LW springs 


Saudi Arabia 
Senegal 
Sierra Leone 


Solomon Islands 
Somali Republic 
South Africa 
South-West Africa 
Spain 

Spanish Sahara 
Sudan 

Surinam 


Sweden 
Syria 
Tanganyika 
Thailand 
Tinian 
Togo 
Trinidad 


Tuamoto Archipel- 
ago 

Tunisia » 

Turkey (Black Sea) 

Turkey (Mediter- 
ranean) 

United Arab Repub- 
lic (Egypt) (Medi- 
terranean) 

United Arab Repub- 
ae (Egypt) (Red 


ea 
USA (Atlantic) 
USA (Pacific) 
USSR (Baltic and 
Black Sea) 
USSR (Arctic and 
Pacific) 
Uruguay 
Venezuela 
Vietnam 
Virgin Islands 
Yugoslavia 


*The chart datum is somewhat lower than the datum indicated. 
**At Guam, Saipan, and Tinian the chart datum is mean lower LW. 
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Datum 


Indian spring LW* 
Lowest LW 
Mean lower LW 
springs 
Lowest normal LW 
Mean LW springs* 
Mean LW springs 
Mean LW springs* 
Lowest normal LW 
Lowest normal LW 
Indian spring LW* 
Mean lower LW 
springs 
Mean sea level 
Mean LW springs* 
Mean LW springs 
Lowest normal LW 
Mean lower LW 


Lowest LW 

Mean lower LW 
springs 

Mean LW springs 

Lowest LW 


Mean sea level 
Mean LW springs 


Mean LW springs 
Indian spring LW* 


Mean LW 
Mean lower LW 
Mean sea level 


Lowest normal LW 


Lowest normal LW 

Mean LW springs 

Lowest LW 

Mean LW 

Mean lower LW 
springs 


APPENDIX N 
SOURCES OF CHARTS AND PUBLICATIONS 


Certain types of charts and publications, listed below, can be purchased from the places indicated. 
Many of the publications listed are also available from the Superintendent of Documents, U.S. Govern- 
ment Printing Office, Washington, D.C. 20402. 

Orders for charts or publications, when addressed to Government agencies, should be accompanied 
by a check or post office money order made payable to the Treasurer of the United States. Postage 
stamps are not accepted, and cash is sent at the sender’s risk of loss. 

Government agencies make no charge for postage to addresses in the United States and posses- 
sions, and none to Canada, Cuba, Mexico, and Panama if the total weight of the shipment does not 
exceed four pounds. In all other cases, postage is required at the rates for printed matter. Remit- 
tance should accompany the order. 

Orders for charts and publications should be as specific as possible, citing the numbers assigned 
by the publishing agency as identification of the items desired. To facilitate selection, the U.S. Navy 
Hydrographic Office, Washington, D.C. 20390 and U.S. Coast and Geodetic Survey, Washington, D.C. 
20230, distribute free of charge, catalogs of salable material. More detailed information on U.S. 
Navy Hydrographic Office nautical charts and publications is given in Pub. No. 1-N, Introduction 
Part I. Aeronautical charts and publications are listed in the Catalog of U.S. Navy Aeronautical 
Charts and Related Publications, the Coast and Geodetic Survey Catalog of Aeronautical Charts and 
Related Publications and the DOD Catalog of Acronautical Charts and Flight Information Publications. 
The DOD catalog is available only to military users. 


Nautical Charts 


Coasts of the United States and its territories U.S. Coast and Geodetic Survey and sales agents. 
and possessions. 

Mississippi River from the Head of Passes to Mississippi River Commission, Vicksburg, Miss. 
Cairo, Ill. 

Illinois waterway system (Great Lakes to Gulf District Engineer, Chicago District, Chicago, Ill. 
of Mexico). 


Various United States rivers. District Engineer Offices. 

Great Lakes, Lake Champlain, and the St. Law- U.S. Lake Survey, Detroit, Mich., and District 
rence River above St. Regis and Cornwall, Engineer, Buffalo District, Buffalo, N.Y. 
Canada. 

New York State canals. U.S. Lake Survey, Detroit, Mich.; Superintend- 


ent of Public Works, Albany, N.Y.; and Dis- 
trict Engineer, Buffalo District, Buffalo, N.Y. 


Coasts of foreign countries. U.S. Navy Hydrographic Office sales agents. 


Oceanographic Charts and Publications 


Tide and tidal current tables. U.S. Coast and Geodetic Survey and sales agents. 

Tidal current charts, certain United States harbors. U.S. Coast and Geodetic Survey and sales agents. 

Current charts of the oceans. U.S. Navy Hydrographic Office sales agents. 

Pilot charts. U.S. Navy Hydrographic Office sales agents. 

Bottom sediment charts. U.S. Navy Hydrographic Office sales agents. 

Surface temperature charts. U.S. Navy Hydrographic Office sales agents. 

Sea and swell charts. U.S. Navy Hydrographic Office sales agents. 

Water temperature and density tables. U.S. Coast and Geodetic Survey and sales agents. 

Oceanographic Atlas of the Polar Seas (Pub. No. U.S. Navy Hydrographic Office sales agents. 
705). 

Sonic Soundings (H.O. Pub. No. 606-b). U.S. Navy Hydrographic Office sales agents. 

Bathythermograph Observations (H.O. Pub. No. U.S. Navy Hydrographic Office sales agents. 
606-c). 

Ice Observations (H.O. Pub. No. 606-d). U.S. Navy Hydrographic Office sales agents. 

Sea and Swell Observations (H.O. Pub. No. 606-e). U.S. Navy Hydrographic Office sales agents. 

Miscellaneous oceanographic publications. U.S. Navy Hydrographic Office sales agents and 


US. Coast and Geodetic Survey and sales agents. 
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Electronic Navigation 


Loran charts. 


Loran tables (H.O. Pub. No. 221, various rates). 
Radio Navigational Aids (H.O. Pub. No. 117). 
Radio Weather Aids (H.O. Pub. No. 118). 
Weather Station Index (H.O. Pub. No. 119). 
Radio circulars giving schedules, frequencies, and 
data included in weather broadcasts. 
International Code of Signals, Vol. II, radio (H.O. 
Pub. No. 104). 
Federal Communications Commission Rules and 
Regulations, Vol. IV, July 1964. 
Communications Act of 1934, Revised 1960. 
International Convention for the Safety of Life at 
Sea, 1960. 
International Publications: 
List of Frequencies. 
List of Coast Stations. 
List of Ship Stations. 
List of Broadcasting Stations. 
List of Radio Determination and Special Service 
Stations. 
List of Call Signs of Stations Used by the Marz- 
time Mobile Service. 
List of Fixed Stations Operating International 
Circuits. 
Radio Aids to Maritime Navigation and Hydrog- 
raphy. (1HB Special Pub. No. 39). 


U.S. Navy Hydrographic Office sales agents; 
U.S. Coast and Geodetic Survey and sales 
agents; and U.S. Air Force Aeronautical Chart 
and Information Center. 

U.S. Navy Hydrographic Office sales agents. 

U.S. Navy Hydrographic Office sales agents. 

U.S. Navy Hydrographic Office sales agents. 

U.S. Navy Hydrographic Office sales agents. 

Chief, U.S. Weather Bureau. (Also in H.O. 
Pub. No. 117). 

U.S. Navy Hydrographic Office sales agents. 


Superintendent of Documents. 


Superintendent of Documents. 


Intergovernmental Maritime Consultative Or- 
ganization, London, England. 

International Telecommunication Union, Geneva, 
Switzerland. 


International Hydrographic Bureau, Monaco. 


Navigational Publications 


Coast pilots (sailing directions), coasts of the 
United States and its territories and posses- 
sions. 

Sailing directions (coast pilots), foreign coasts. 

Light lists, United States waters. 


Light lists, foreign coasts. 
Navigational tables: 
Table of Distances Between Ports (H.O. Pub. 
No. 151). 
Tables of Computed Altitude and Azimuth (H.O. 
Pub. No. 214, nine vols.). 
Sight Reduction Tables for Air Navigation (H.O. 
Pub. No. 249, three vols.). 
Various sight reduction tables (H.O. Pubs. 
Nos. 208, 211, 218). 
Azimuths of the Sun (H.O. Pub. No. 260). 
Azimuths of Celestial Bodies (H.O. Pub. No. 
261). 
Distances Between United States Ports. 
Almanacs: 
The Air Almanac. 
The American Ephemeris and Nautical Al- 
manac. 
The Nautical Almanac. 


U.S. Coast and Geodetic Survey and sales agents. 


U.S. Navy Hydrographic Office sales agents. 
Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 
U.S. Navy Hydrographic Office sales agents. 
U.S. Navy Hydrographic Office sales agents. 


U.S. Coast and Geodetic Survey and sales agents. 

Published by U.S. Naval Observatory, distrib- 
uted by Superintendent of Documents and 
sales agents. 
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Periodical Publications 


Notice to Mariners. 
Daily Memorandum. 


U.S. Navy Hydrographic Office and branches. 
U.S. Navy Hydrographic Office and branches. 


Miscellaneous 


Isomagnetic charts. 

Magnetic variation charts of the United States, 
Caribbean, and Alaska. 

Great-circle charts. 

Charts of polar regions. 


Aeronautical charts, United States. 
Aeronautical charts, world coverage. 


Aeronautical publications. 


Plotting charts and plotting sheets. 
Special charts. 


International Code of Signals, Vol. I, visual (H.O. 
Pub. No. 1038). 

Merchant Marine House Flags and Stack Insignia 
(H.O. Pub. No. 100). 

Navigational Observations (H.O. Pub. No. 606-a). 

Shipboard Wind Plotter. 

Weather maps and reports. 

Mariners Weather Log. 


World Port Index (H.O. Pub. No. 150). 

Eskimo Place Names and Aids to Conversation 
(H.O. Mise. 10578). 

Star Finder and Identifier (H.O. 2102-D). 

Rules of the Road—International—Inland (CG-— 
169). 

Rules of the Road—Great Lakes (CG-172). 


Rules of the Road—Western Rivers (CG-184). 


Systems of Maritime Buoyage and Beaconage 
Adopted by Various Countries. (IHB Special 
Pub. No. 38). 

Aids to Marine Navigation of the United States 
(CG-198). 

Radar Plotting Manual (H.O. Pub. No. 257). 

Maneuvering Board Manual (H.O. Pub. No. 217). 

Navigation Dictionary (H.O. Pub. No. 220). 

Handbook of Magnetic Compass Adjustment and 
Compensation (H.O. Pub. No. 226). 

Laws Governing Marine Inspection (CG-227). 


Instrument instruction pamphlets. 
Great Lakes Pilot. 


U.S. Navy Hydrographic Office sales agents. 
U.S. Coast and Geodetic Survey and sales agents. 


U.S. Navy Hydrographic Office sales agents. 

U.S. Navy Hydrographic Office sales agents and 
U.S. Air Force Aeronautical Chart and Infor- 
mation Center. 

U.S. Coast and Geodetic Survey and sales agents. 

U.S. Hydrographic Office sales agents and U.S. 
Air Force Aeronautical Chart and Information 
Center. 

U.S. Navy Hydrographic Office sales agents and 
Federal Aviation Agency. 

U.S. Navy Hydrographic Office sales agents. 

U.S. Navy Hydrographic Office sales agents and 
U.S. Coast and Geodetic Survey and sales 
agents. 

U.S. Navy Hydrographic Office sales agents. 


U.S. Navy Hydrographic Office sales agents. 


U.S. Navy Hydrographic Office sales agents. 
U.S. Weather Bureau. 

U.S. Weather Bureau. 

Published by U.S. Weather Bureau, distributed 
by Superintendent of Documents. 

U.S. Navy Hydrographic Office sales agents. 
U.S. Navy Hydrographic Office sales agents. 


U.S. Navy Hydrographic Office sales agents. 
Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 
Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 
Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 
International Hydrographic Bureau, Monaco. 


Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 
U.S. Navy Hydrographic Office sales agents. 
U.S. Navy Hydrographic Office sales agents. 
U.S. Navy Hydrographic Office sales agents. 
U.S. Navy Hydrographic Office sales agents. 


Published by U.S. Coast Guard, distributed by 
Superintendent of Documents and sales agents. 

Manufacturer of equipment. 

U.S. Lake Survey, Detroit, Michigan. 


APPENDIX O 
MATHEMATICS 


Arithmetic 


O01. Definitions.— Arithmetic is that branch of mathematics dealing with compu- 
tation by numbers. The principal processes involved are addition, subtraction, 
multiplication, and division. A number consisting of a single symbol (1, 2, 3, etc.) 
is a digit. Any number that can be stated or indicated, however large or small, is 
called a finite number; one too large to be stated or indicated is called an infinite 
number; and one too small to be stated or indicated is called an infinitesimal number. 

The sign of a number is the indication of whether it is positive (+) or negative (—). 
This may sometimes be indicated in another way. Thus, latitude is usually indi- 
cated as north (N) or south (S), but if north is considered positive, south is then nega- 
tive with respect to north. In navigation, the north or south designation of latitude 
and declination is often called the “name” of the latitude or declination. A positive 
number is one having a positive sign (+); a negative number is one having a negative 
sign (—). The absolute value of a number is that number without regard to sign. 
Thus, the absolute value of both (+) 8 and (—)8 is 8. Generally, a number without 
a sign can be considered positive. 

O02. Expressing numbers.—In navigation, fractions are usually expressed as 
decimals. Thus, % is expressed as 0.25 and ¥as 0.33. To determine the decimal equiva- 
lent of a fraction, divide the numerator (the number above the line) by the denominator 
(the number below the line). When a decimal is less than 1, as in the examples above, 
it is good practice to show the zero at the left of the decimal point (0.25, not Ae 

A number should not be expressed to a greater precision than justified. The 
precision of a decimal is indicated by the number of digits shown to the right of the 
decimal point. Thus, the expression ‘14 miles’ indicates a precision to the nearest 
whole mile, or any value between 13.5 and 14.5 miles. The expression “14.0 miles”’ 
indicates a precision of a tenth of a mile, or any value between 13.95 and 14.05 miles. 

In a number without a decimal there is sometimes doubt as to the degree of pre- 
cision indicated. For example, the number 186,000 may indicate a precision to three, 
four, five, or six places. This ambiguity is sometimes avoided by expressing numbers 
as powers of 10 (art. O8). Thus, 18.610! (18.610,000) indicates a precision to 
the nearest thousand (three places), 18.6010* to the nearest hundred (four places), 
18.600 10! to the nearest ten (five places), and 18.6000 10* to the nearest unit (six 
places). The position of the decimal is not important if the correct power of 10 is 
given. For example, 18.6X10* is the same as 1.86 10°, 186 10%, etc. 

The small number above and to the right of 10 (the exponent) indicates the number 
of places the decimal point is to be moved to the right. If the exponent is negative, 
it indicates a reciprocal, and the decimal point is moved to the left. Thus, 1.86 X 107° = 
0.00000186. This system is sometimes used to avoid long numbers. 

Another way of indicating degree of precision is to state the number of significant 
digits. These are the digits in a number, excluding zeros at the left and sometimes 
those at the right. Thus, 1,325, 1,001, 1.408, 0.00005926, 625.0, and 0.04000 have 
four significant digits each. But in the number 312,600 there may be four, five, or six 
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significant digits. Any doubt may be removed by expressing the number times a 
power of 10, as explained above. 

If there are no more significant digits, regardless of how far a computation is 
carried, this may be indicated by use of the word “exactly.”’ Thus, 12+4=38 exactly, 
and one nautical mile=1,852 meters exactly; but 12+-7=1.7 approximately, the word 
“approximately” indicating that additional decimal places might be computed. Another 
way of indicating an approximate relationship is by placing a positive or negative sign 
after the number. Thus, 12+7=1.7+, and 11+7=1.6—. This system has the 
advantage of showing whether the approximation is too great or too small. 

In any arithmetical computation the answer is no more accurate than the least 
precise value used. Thus, if it is desired to add 16.4 and 1.88, the answer might be 
given as 18.28, but since the first term might be anything from 16.35 to 16.45, the 
answer is anything from 18.23 to 18.33. Hence, to retain the second decimal place in 
the answer is to give a false indication of accuracy, for the number 18.28 indicates a 
value between 18.275 and 18.285. However, additional places are sometimes re- 
tained until the end of a computation to avoid an accumulation of small errors due 
to rounding off (art. 04). In marine navigation it is customary to give most values 
to a precision of 0.1, even though some uncertainty may exist as to the accuracy of the 
last place. Examples are the dip and refraction corrections of sextant altitudes (arts. 
1606, 1613). 

In general, a value obtained by interpolation in a table should not be expressed 
to more decimal places than given in the table. 

O3. Precision and accuracy.—The word “precision” as used above is not the 
same as “accuracy,” although the two are sometimes confused. A quantity may be 
expressed to a greater precision than is justified by the accuracy of the information 
from which the quantity is derived. For instance, if a ship steams one mile in 3™21°, its 
speed is 60™-+-3"21*=60--3.35=17.910447761194 knots, approximately. The division 
can be carried to as many places as desired, but if the time is measured only to the 
nearest second, the speed is accurate only to one decimal place in this example, 
because an error of 0.5 second introduces an error of more than 0.05 knot in the speed. 
Hence, the additional places are meaningless and possibly misleading, unless more 
accurate time is available. In general, it is not good practice to state a quantity to 
greater precision than justified by its accuracy. However, in marine navigation the accu- 
racy of information is often unknown, and it is customary to give positions to a precision 
of 0'1 of latitude and longitude, although they may not be accurate even to the 
nearest whole minute. 

The absolute precision of a number is indicated by its number of decimal places; 
its relative precision by its number of significant digits. Although this is an indica- 
tion of precision, it may also be a measure of accuracy, and the expressions absolute 
accuracy and relative accuracy used. However, the term “accuracy”? should not be 
used when “precision” only is intended. Thus, the values 186,000 and 0.00000186 
may each have three significant digits, or “be correct to three digits,” although the 
first value may be accurate (“absolute accuracy’) only to the nearest 1,000, and the 
second to the nearest 0.00000001. If the numbers are accurate to the number of signifi- 
cant digits shown, each has an error (“‘relative accuracy’’) of less than ‘“‘one part in 186.” 

Unless all numbers are exact, doubt exists as to the accuracy of the last digit in 
a computation. Thus, 12.3+-9.4+4.6=26.3. But if the three terms to be added 
have been rounded off from 12.26, 9.38, and 4.57, the correct answer is 26.2, obtained 
by rounding off the answer of 26.21 found by retaining the second decimal place until 
the end. It is good practice to work with one more place than needed in the answer, 
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when the information is available. In computations involving a large number of terms, 
or if great accuracy is desired, it is sometimes advisable to retain two or more additional 
places until the end. 

04. Rounding off.—In rounding off numbers to the number of places desired, one 
should take the nearest value. Thus, the number 6.5049 is rounded to 6.505, 6.50, 
6.5, or 7, depending upon the number of places desired. If the number to be rounded 


off ends in 5, the nearer even number is taken. Thus, 1.55 and 1.65 are both rounded 
to 1.6. Likewise, 12.750 is rounded to 12.8 if only one decimal place is desired. How- 


ever, 12.749 is rounded to 12.7. That is, 12.749 is not first rounded to 12.75 and then 
to 12.8, but the entire number is rounded in one operation. When a number ends in 
5, the computation can sometimes be carried to additional places to determine whether 
the correct value is more or less than 5. 

O5. Reciprocals.—The reciprocal of a number is 1 divided by that number. The 
reciprocal of a fraction is obtained by interchanging the numerator and denominator. 
Thus, the reciprocal of % is %. A whole number may be considered a fraction with 1 
as the denominator. Thus, 54 is the same as °%, and its reciprocal is %,. Division 
by a number produces the same result as multiplying by its reciprocal, or vice versa. 
Thus, 12+2=12%=6, and 12X2=12+%=24. 

O6. Addition.—When two or more numbers are to be added, it is generally most 
convenient to write them in a column, with the decimal points in line. Thus, if 31.2, 
0.8874, and 168.14 are to be added, this may be indicated by means of the addition 
sign (+): 31.2+0.8874+ 168.14=200.2. But the addition can be performed more 
conveniently by arranging the numbers as follows: 


31.2 
0. 8874 
168. 14 
200. 2. 


The answer is given only to the first decimal place, because the answer is no more 
accurate than the least precise number among those to be added, as indicated previously. 
Often it is preferable to state all numbers in a problem to the same precision before 
starting the addition, although this may introduce a small error, as indicated in article 
O3: 


If there are no decimals, the last digit to the right is aligned: 


166 

2 
96,758 
96,926. 


Numbers to be added should be given to the same absolute accuracy, when available, 
to avoid a false impression of accuracy in the result. Consider the following: 


186,000 
71,832 
9,614 
728 
268, 174. 
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The answer would imply an accuracy to six places. If the first number given is accurate 
to only three places, or to the nearest 1,000, the answer is not more accurate, and 
hence the answer should be given as 268,000. Approximately the same answer would 
be obtained by rounding off at the start: 


186,000 
72,000 
10,000 

1,000 

269,000. 


If numbers are added arithmetically, their absolute values are added without 
regard to signs; but if they are added algebraically, due regard is given to signs. If 
two numbers to be added algebraically have the same sign, their absolute values are 
added and given their common sign. If two numbers to be added algebraically have 
unlike signs, the smaller absolute value is subtracted from the larger, and the sign of 
the value having the larger absolute value is given to the result. Thus, if +8 and —7 
are added arithmetically, the answer is 15, but if they are added algebraically, the 
answer is +1. 

An answer obtained by addition is called a sum. 

07. Subtraction is the inverse of addition. Stated differently, the addition of a 
negate number is the same as the subtraction of a positive number. That is, if a 
number is to be subtracted from another, the sign (+ or —) of the subtrahend (the 
number to be subtracted) is reversed and the result added algebraically to the minuend 
(the number from which the subtrahend is to be subtracted). Thus, 6—4=2. This 
may be written +6—(+4)=+2, which yields the same result as +6 + (—4). For 
solution, larger numbers are often conveniently arranged in a column with decimal 
points in a vertical column, as in addition. Thus, 3,728.41 — 1,861.16 may be written 


(+)3,728.41 
(+)1,861.16 (subtract) 
(+)1,867.25 


This is the same as 
(+)3,728.41 
(—)1,861.16 (add algebraically) 
(++)1,867.25 


The rule of sign reversal applies likewise to negative numbers. Thus, if —3 is 
to be subtracted from +5, this may be written +5— (—3)=54+3=8. 

In the algebraic addition of two numbers of opposite sign (numerical subtraction), 
the smaller number is subtracted from the larger and the result is given the sign of 
the larger number. Thus, +7—4=— +3, and —7+4=—3, which is the same as 
+4—7=—3. 

In navigation, numbers to be numerically subtracted are usually marked (—), 
and those to be numerically added are marked (++) or the sign is not indicated. However, 
when a sign is part of a designation, and the reverse process is to be used, the word 
“reversed’’ (rev.) is written after the number. Thus, if GMT is known and ZT in the 
(+)5 zone is to be found (by subtraction), the problem may be written: 
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GMT 1754 
ZD (+)5 __ (rev.) 
ZT 1254 


The symbol ~ indicates that an absolute difference is required without regard 
to sign of the answer. Thus, 28~13=15, and 13~28=15. In both of these solutions 
13 and 28 are positive and 15 is an absolute value without sign. If the signs or names 
of both numbers are the same, either positive or negative, the smaller is subtracted 
from the larger, but if they are of opposite sign or name, they are numerically added. 
Thus, (+)16~(+)21=5 and (—)16~(—)21=5, but (+)16~(—)21=37 and (—)16~ 
(+)21=37. Similarly, the difference of latitude between 15°N and 20°N, or be- 
tween 15°S and 20°S, is 5°, but the difference of latitude between 15°N and 
20° S, or between 15°S and 20°N, is 35°. If motion from one latitude to another is 
involved, the difference may be given a sign to indicate the direction of travel, or the 
location of one place with respect to another. Thus, if B is 50 miles west of A, and C 
is 125 miles west of A, B and C are 75 miles apart regardless of the direction of travel. 
However, B is 75 miles east of C, and C is 75 miles west of B. When direction is indicated, 
an algebraic difference is given, rather than an absolute difference, and the symbol ~ 
is not appropriate. 

It is sometimes desirable to consider all addition and subtraction problems as 
addition, with negative signs (—) given before those numbers to be subtracted, so 
that there can be no question of which process is intended. The words “add” and 
“subtract”? may be used instead of signs. In navigation, “names” (usually north, 
south, east, and west) are often used, and the relationship involved in a certain problem 
may need to be understood to determine whether to add or subtract. Thus, LHA= 
GHA—(west) and LHA=GHA-+ Xeast). This is the same as saying LHA=GHA—~A 
if west longitude is considered positive, for in this case, LHA=GHA-— (—)) or LHA= 
GHA-+ in east longitude, the same as before. 

If numbers are subtracted arithmetically, they are subtracted without regard to 
sign; but if they are subtracted algebraically, positive (+) numbers are subtracted 
and negative (—) numbers are added. 

An answer obtained by subtraction is called a difference. 

O8. Multiplication may be indicated by the multiplication sign (x), as 154 X28= 
4,312. For solution, the problem is conveniently arranged thus: 


154 
(X) 28 
1232 
308 
4312. 


Either number may be given first, but it is generally more convenient to perform the 
multiplication if the larger number is placed on top, as shown. In this problem, 154 is 
first multiplied by 8 and then by 2. The second answer is placed under the first, but 
set one place to the left, so that the right-hand digit is directly below the 2. These 
steps might be reversed, multiplication by 2 being performed first. This procedure is 
sometimes used in estimating. 

When one number is placed below another for multiplication, as shown above, it 
is usually best to align the right-hand digits without regard for the position of the 
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decimal point. The number of decimal places in the answer is the sum of the decimal 
places in the multiplicand (the number to be multiplied) and the multiplier (the second 
number) : 
163.27 
(X) 263.9 
146943 
48981 
97962 
32654 


43086.953. 


However, when a number ends in one or more zeros, these may be ignored until the 
end and then added on to the number: 


1924 
(<) 1800 
15392 

1924 


3463200. 


This is also true if both multiplicand and multiplier end in zeros: 


1924000 
(xX) 1800 

15392 

1924 


3463200000. 


When negative values are to be multiplied, the sign of the answer is positive if an 
even number of negative signs appear, and negative if there are an odd number. Thus, 
2X3=6, 2X(—3)=—6, —2X3=—6, —2X(—3)=(+)6. Also, 2X3X8X(—2)X5= 
—480, 2(—3)X8X(—2)x5=480, 2x (—3) X(—8) X (—2) K5= —480, 2x(—3)x 
(—8) X(—2) x (—5)=480, and (—2)x(—3) x (—8) X (—2) X(—5) = —480. 

An answer obtained by multiplication is called a product. Any number multiplied 
by 1 is the number itself. Thus, 125 1—125. Any number multiplied by 0 is 0. Thus, 
125X0=0 and 1X0=0. 

To multiply a number by itself is to square the number. This may be indicated 
by the exponent 2 placed to the right of the number and above the line as a superior. 
Thus, 15X15 may be written 152. Similarly, 1515X15=15%, and 15X15X15X15= 
15*, etc. The exponent (2, 3, 4, etc.) indicates the power to which a number is to be 
raised, or how many times the number is to be used in multiplicat:un. The expression 
15° is usually read ‘15 squared,” 15° is read “15 cubed” or “15 to the third power,” 
15* (or higher power) is read “15 to the fourth (or higher) power.’’ The answer obtained 
by raising to a power is called the “square,” “cube,” etc., or the “ . . . power” of the 
number. Thus, 225 is the “square of 15,” 3,375 is the ‘cube of 15” or the “third power 
of 15,” etc. The zero power of any number except zero (if zero is considered a number) 
is 1. The zero power of zero is zero. Thus, 15°=1 and 0°=0. 

Parentheses may be used to eliminate doubt as to what part of an expression is 
to be raised to a power. Thus, —3? may mean either—(3X3)=—9 or—3X —3= 
(+)9. To remove the ambiguity, the expression may be written— (3)? if the first 
meaning is intended, and (—3)? if the second meaning is intended. 


APPENDIX 0: MATHEMATICS 1011 


O9. Division is the inverse of multiplication. It may be indicated by the division 
sign (+), as 376--21=18 approximately; or by placing the number to be divided, 
376 
a= 


376 : : 
“97 may be written 376/21 with the same meaning. 


called the dividend (376), over the other number, called the divisor (21), as 18 


approximately. The expression 


Such a problem is conveniently arranged for solution as follows: 


OG 

21 | 376 
2 
166 
147 
419. 


Since the remainder is 19, or more than half of the divisor (21), the answer is 18 to 
the nearest whole number. 

An answer obtained by division is called a quotient. Any number divided by 1 is 
the number itself. Thus, 65--1=65. A number cannot be divided by 0. 

If the numbers involved are accurate only to the number of places given, the 
answer should not be carried to additional places. However, if the numbers are 
exact, the answer might be carried to as many decimal places as desired. Thus, 
37421 = 17.809523809523809523809523809523809523 .... When a series of digits 
repeat themselves with the same remainder, as 809523 (with remainder 17) in the 
example given above, an exact answer will not be obtained regardless of the number of 
places to which the division is carried. The series of dots ( . . . ) indicates a repeating 
decimal. In a nonrepeating decimal, a plus sign (+) may be given to indicate a 
remainder, and a minus sign (—) to indicate that the last digit has been rounded to 
the next higher value. Thus, 18.68761 may be written 18.6876-+ or 18.688—. If the 
last digit given is rounded off, the word ‘approximately’ may be used instead of dots 
or a plus or minus sign. 

If the divisor is a whole number, the decimal point in the quotient is directly 
above that of the dividend when the work form shown above is used. Thus, in the 
example given above, if the dividend had been 37.6 instead of 376, the quotient would 
have been 1.8 approximately. If the divisor is a decimal, both it and the dividend 
are multiplied by the power of 10 having an exponent equal to the number of decimal 
places in the divisor, and the division is then carried out as explained above. Thus, if 
there are two decimal places in the divisor, both divisor and dividend are multiplied 
by 10?=100. This is done by moving the decimal to the right until the divisor is a 
whole number. If necessary, zeros are added to the dividend. Thus, if 3.7 is to be 
divided by 2.11, both quantities are first multiplied by 10’, and 370 is divided by 211. 
This is usually performed as follows: 


1.75 

2/11 | 3/70.00 
ot 

1590 

TET 

1130 

1055 


75. 
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If both the dividend and divisor are positive, or if both are negative, the quotient 
is positive; but if either is negative, the quotient is negative. Thus, 6+-3=2, 
(—6)+(—3)=+2, (—6)+3=—2, and 6+(—3)=—2. 

The square root of a number is that number which, multiplied by itself, equals 
the given number. Thus, 15X15=15’=225, and -/225=225'/?=15. Either the 
symbol -/, called the radical sign, or the exponent ¥ indicates square root. Also, 
v, or % as an exponent, indicates cube root. Fourth, fifth, or any root is indicated 
similarly, using the appropriate number. Nearly any arithmetic book explains the 
process of extracting roots, but this process is most easily performed by table, loga- 
rithms (art. O12), or slide rule (art. O15). If no other means are available, it can be 
done by trial and error. The process of finding a root of a number is called extracting 
a root. 

010. Logarithms (‘logs’) provide an easy way to multiply, divide, raise numbers 
to powers, and extract roots. The logarithm of a number is the power to which a fixed 
number, called the base, must be raised to produce the value to which the logarithm 
corresponds. The base of common logarithms, (given in tables 32 and 33) 2187 103 
Hence, since 10'*=63 approximately, 1.8 is the logarithm, approximately, of 63 to 
the base 10. In table 32 logarithms of numbers are given to five decimal places. 
This is sufficient for most purposes of the navigator. For greater precision, a table 
having additional places should be used. In general, the number of significant digits 
which are correct in an answer obtained by logarithms is the same as the number of 
places in the logarithms used. 

A logarithm is composed of two parts. That part to the left of the decimal point 
is called the characteristic. That part to the right of the decimal point is called the 
mantissa. The principal advantage of using 10 as the base is that any given combina- 
tion of digits has the same mantissa regardless of the position of the decimal point. 
Hence, only the mantissa is given in the main tabulation of table 32. Thus, the logarithm 
(mantissa) of 2,374 is given as 37548. This is correct for 2,374,000,000; 2,374; 23.74; 
2.374; 0.2374; 0.000002374; or for any other position of the decimal point. 

The position of the decimal point determines the characteristic, which is not 
affected by the actual digits involved. The characteristic of a whole number is one 
less than the number of digits. The characteristic of a mixed decimal (one greater 
than 1) is one less than the number of digits to the left of the decimal point. Thus, in 
the example given above, the characteristic of the logarithm of 2,374,000,000 is 9; 
that of 2,374 is 3; that of 23.74 is 1; and that of 2.374 is 0. The complete logarithms 
of these numbers are: 


log 2,374 ,000,000=9.37548 


log 2,374 =3.37548 
log 23.74 = 1.37548 
log 2.374 —=0.37548. 


Since the mantissa of the logarithm of any multiple of ten is zero, the main table 
starts with 1,000. This can be considered 100, 10,1, etc. Since the mantissa of these 
logarithms is zero, the logarithms consist of the characteristic only, and are whole 
numbers. Hence, the logarithm of 1 is 0 (0.00000), that of 10 is 1 (1.00000), that of 
100 is 2 (2.00000), that of 1,000 is 3 (3.00000), ete. 

The characteristic of the logarithm of a number less than 1 is negative. However, 
it is usually more conveniently indicated in a positive form, as follows: the characteristic 
is found by subtracting the number of zeros immediately to the right of the decimal 
point from 9 (or 19, 29, etc.) and following this by —10 (or —20, — 30, ete.). Thus, the 
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characteristic of the logarithm of 0.2374 is 9—10; that of 0.000002374 is 4—10; and that 
of 0.000000000002374 is 8—20. The complete logarithms of these numbers are: 


log 0.2374 =9.37548—10 
log 0.000002374 =4.37548—10 
log 0.000000000002374 =8.37548—20. 


When there is no question of the meaning, the —10 may be omitted. This is usually 
done when using logarithms of trigonometric functions, as shown in table 33. Thus, 
if there is no reasonable possibility of confusion, the logarithm of 0.2374 may be 
written 9.37548. 

Occasionally, the logarithm of a number less than 1 is shown by giving the negative 
characteristic with a minus sign above it (since only the characteristic is negative, the 
mantissa being positive). Thus, the logarithms of the numbers given above might be 
shown thus: 

log 0.2374 = 1.37548 
log 0.000002374 = 6.37548 
log 0.000000000002374 = 12.37548. 


In each case, the negative characteristic is one more than the number of zeros imme- 
diately to the right of the decimal point. 

There is no real logarithm of 0, since there is no finite power to which any number 
can be raised to produce 0. As numbers approach 0, their logarithms approach 
negative infinity. 

To find the number corresponding to a given logarithm, called finding the anti- 
logarithm (‘“antilog”), enter the table with the mantissa of the given logarithm and 
determine the corresponding number, interpolating if necessary. Locate the position 
of the decimal point by means of the characteristic of the logarithm, in accordance with 
the rules given above. 

O11. Multiplication by logarithms.—To multiply one number by another, add 
their logarithms and find the antilogarithm of the sum. Thus, to multiply 1,635.8 by 
0.0362 by logarithms: 


log 1635.8 = 3.21373 
log 0.0362 = 8.55871—10 (add) 
log 59.216 =11.77244—10 or 1.77244. 


Thus, 1,635.8 0.0362=59.216. In navigation it is customary to use a slightly 
modified form, and to omit the —10 where there is no reasonable possibility of confusion, 


as follows: 
1635.8 log 3.21373 


0.0362 log 8.55871 
59.216 log 1.77244. 


To raise a number to a power, multiply the logarithm of that number by the power 
indicated, and find the antilogarithm of the product. Thus, to find 13.156° by 
logarithms, using the navigational form: 


13.156 log 1.11913 
x 3 (multiply) 
2277.2 log 3.35739. 
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O12. Division by logarithms.—To divide one number by another, subtract the 
logarithm of the divisor from that of the dividend, and find the antilogarithm of the 
remainder. Thus, to find 0.4637+-28.03 by logarithms, using the navigational form: 


0.4637 ~log 9.66624 
28.03 log (—) 1.44762 (subtract) 
0.016543 log 8.21862. 


It is sometimes necessary to modify the first logarithm before the subtraction can 
be made. This would occur in the example given above, for instance, if the divisor 
and dividend were reversed, so that the problem became 28.03--0.4637. In this case 
10—10 would be added to the logarithm of the dividend, becoming 11.44762—10: 


28.03 log 11.44762—10 
0.4637 log (—) 9.66624—10 
60.448 log 1.78138. 


One experienced in the use of logarithms usually carries this change mentally, without 
showing it in his work form: 2 


28.03 log ‘1.44762 
0.4637 log (—) 9.66624 
60.448 log 1.78138. 


Any number can be added to the characteristic as long as that same number is also 
subtracted. Conversely, any number can be subtracted from the characteristic as 
long as that same number is also added. 

To extract a root of a number, divide the logarithm of that number by the root 
indicated, and find the antilogarithm of the quotient. Thus, to find 7 by logarithms: 


7 log 0.84510 (+2) 
2.6458 log 0.42255. 


To divide a negative logarithm by the root indicated, first modify the logarithm 
so that the quotient will have a —10. Thus, to find 70.7 by logarithms: 


0.7 log 29.84510—30 (+3) 
0.88792 log 9.94837—10 
or, carrying the —30 and —10 mentally, 


0.7 log 29.84510 (+3) 
0.88792 log 9.94837. 


013. Cologarithms.—The cologarithm (“colog’’) of a number is the value obtained 
by subtracting the logarithm of that number from zero, usually in the form 10—10. 
Thus, the logarithm of 18.615 is 1.26987. The cologarithm is: 


10.00000—10 
(—) 1.26987 
8.73013—10. 


Similarly, the logarithm of 0.0018615 is 7.26987 — 10, and its cologarithm is: 


10.00000—10 
(—)7.26987—10 
2.73013. 
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The cologarithm of a number is the logarithm of the reciprocal of that number. 
Thus, the cologarithm of 2 is the logarithm of %. Since division by a number is the 
same as multiplication by its reciprocal, the use of cologarithms permits division prob- 
lems to be converted to problems of multiplication, eliminating the need for subtraction 
of logarithms. This is particularly useful when both multiplication and division are 
92.732 X 0.0137 X 724.3 

0.516 3941.1 
one might add the logarithms of the three numbers in the numerator, and subtract the 
logarithms of the two numbers in the denominator. If cologarithms are used for the 
numbers in the denominator, all logarithmic values are added. Thus, the solution 
might be made as follows: 


involved in the same problem. Thus, to find 


by logarithms, 


92.732 log 1.96723 
0.0137 log 8.13672 
724.3 log 2.85992 


0.516 log 9.71265 colog 0.28735 
3941.1 log 3.59562 colog 6.40438 
0.45248 log 9.65560. 


O14. Various kinds of logarithms.—As indicated above, common logarithms use 
10 as the base. These are also called Briggs’ logarithms. For some purposes, it is 
convenient to use 2.7182818 approximately (designated e) as the base for logarithms. 
These are called natural logarithms or Naperian logarithms (log.). Common loga- 
rithms are shown as logiy when the base might otherwise be in doubt. 

Addition and subtraction logarithms are logarithms of the sum and difference of 
two numbers. They are used when the logarithms of two numbers to be added or 
subtracted are known, making it unnecessary to find the numbers themselves. 

O15. Slide rule.—A slide rule is a convenient device for making logarithmic solu- 
tions mechanically. There are many types and sizes of slide rule, some designed for 
specific purposes. The most common form consists of an outer “body” or ‘‘frame”’ 
with grooves to permit a “slide” to be moved back and forth between the two outer 
parts, so that any graduation of a scale on the slide can be brought opposite any grad- 
uation of a scale on the body. A cursor called an “indicator” or “runner”’ is provided 
to assist in aligning the desired graduations. In a circular slide rule the “slide” is an 
inner disk surrounded by a larger one, both pivoted at their common center. The 
scales of a slide rule are logarithmic. That is, they increase proportionally to the 
logarithms of the numbers indicated, rather than to the numbers themselves. This 
permits addition and subtraction of logarithms by simply measuring off part of the 
length of the slide from a graduated point on the body, or vice versa. Two or three 
complete scales within the length of the rule may be provided for finding squares, 
cubes, square roots, and cube roots. 

Full instructions for use of a slide rule are provided with each rule, and given in 
some mathematical texts. Properly used, a slide rule can provide quick answers to 
many of the problems of navigation. However, its precision is usually limited to from 
two to four significant digits, and should not be used if greater precision is desired. 
It is frequently used to provide a quick, approximate check on answers obtained by 
a more laborious method. 

Great care should be used in placing the decimal point in an answer obtained by 
slide rule, as the correct location often is not immediately apparent. Its position is 
usually determined by making a very rough mental solution. Thus, 2.93 8.3 is about 
3><8—24. Hence, when the answer by slide rule is determined to be ‘‘243,”’ it is known 
that the correct value is 24.3, not 2.43 or 243. 
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O16. Mental arithmetic——Many of the problems of the navigator can be solved 
mentally. The following are a few examples. 

If the speed is a number divisible into 60 a whole number of times, distance prob- 
lems can be solved by a simple relationship. Thus, at 10 knots a ship steams 1 mile in 
a =6 minutes. At 12 knots it requires 5 minutes, at 15 knots 4 minutes, etc. As an 
example of the use of such a relationship, a vessel steaming at 12 knots travels 5.6 


miles in 28 minutes, since #2 = 5h=5.6, or 0.1 mile every half minute. 


For relatively short distances, one nautical mile can be considered equal to 6,000 
feet. Since one hour has 60 minutes, the speed in hundreds of feet per minute is equal 
to the speed in knots. Thus, a vessel steaming at 15 knots is moving at the rate of 
1,500 feet per minute. 

With respect to time, 6 minutes =0.1 hour, and 3 minutes =0.05 hour. Hence, 
a ship steaming at 13 knots travels 3.9 miles in 18 minutes (130.3), and 5.8 miles 
in 27 minutes (130.45). 

In arc units, 6’=0°1 and 6”=0/1. This relationship is useful in rounding off 
values given in arc units. Thus, 17°23’44”=17°23'7 to the nearest 0/1, and 17°4 to 
the nearest 0°1. A thorough knowledge of the six multiplication table is valuable. 
The 15 multiplication table is also useful, since 15°=1". Hence, 16°=1615—240°. 
This is particularly helpful in quick determination of zone description. Pencil and 
paper or a table should not be needed, for instance, to decide that a ship at sea in 
longitude 157°18/4 W is in the (+)10 zone. 

It is also helpful to remember that 1°=4™ and 1’=4°. In converting the LMT 
of sunset to ZT, for instance, a quick mental solution can be made without reference 
to a table. Since this correction is usually desired only to the nearest whole minute, 
it is necessary only to multiply the longitude difference in degrees (to the nearest 
quarter degree) by four. 

Vectors 


O17. Scalars and vector quantities.—A scalar is a quantity which has magnitude 
only; a vector quantity has both magnitude and direction. If a vessel is said to have 
a tank of 5,000 gallons capacity, the number 5,000 is a scalar. As used in this book, 
speed alone is considered a scalar, while speed and direction are considered to constitute 
velocity, a vector quantity. Thus, if a vessel is said to be steaming at 18 knots, with- 
out regard to direction, the number 18 is considered a scalar; but if the vessel is said 
to be steaming at 18 knots on course 157°, the combination of 18 knots and 157° con- 
stitutes a vector quantity. Distance and direction also constitute a vector quantity. 

A scalar can be represented fully by a number. A vector quantity requires, in addi- 
tion, an indication of direction. This is conveniently done graphically by means of a 
straight line, the length of which indicates the magnitude, and the direction of which 
indicates the direction of application of the magnitude. Such a line is called a vector. 
Since a straight line has two directions, reciprocals of each other, an arrowhead is 
placed along or at one end of a vector to indicate the direction represented, unless this 
is apparent or indicated in some other manner. 

018. Addition and subtraction of vectors.—Two vectors can be added by starting 
the second at the termination (rather than the origin) of the first. A common naviga- 
tional use of vectors is the dead reckoning plot of a vessel. Refer to figure O18. Ifa 
ship starts at A and steams 18 miles on course 090° and then 12 miles on course 060°, 
it arrives by dead reckoning at OC. The line AB is the vector for the first run, and 
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BC is the vector for the second. C 
Point C is the position found 

by adding vectors AB and BC. 

The vector AC, in this case the A 

course and distance made good, is ee wz B 

the resultant. Its value, both Sg ea 

in direction and amount, can be Sg at 

determined by measurement. pts te 
Lines AB, BO, and AO are all C 
distance vectors. Velocity vec- Figure O18. Addition and subtraction of vectors. 

tors are used when determining 

the effect of, or allowing for, current (art. 807) or interconverting true and apparent 
wind (art. 3709). 

The reciprocal of a vector has the same magnitude but opposite direction of the 
vector. To subtract a vector, add its reciprocal. This is indicated by the broken lines 
in figure O18, in which the vector BC’ is drawn in the opposite direction to BC. In 
this case the resultant is AC’. Subtraction of vectors is involved in some current 


and wind problems. 
Algebra 


019. Definitions.—Algebra is that branch of mathematics dealing with compu- 
tation by letters and symbols. It permits the mathematical statement of certain 
relationships between variables. When numbers are substituted for the letters, 
algebra becomes arithmetic. Thus if a=2b, any value may be assigned to 6, and a 
can be found by multiplying the assigned value by 2. Any statement of equality 
(as a=2b) is an equation. Any combination of numbers, letters, and symbols (as 26) 
is a mathematical expression. 

020. Symbols.—As in arithmetic, plus (+) and minus (—) signs are used, and 
with the same meaning. Multiplication (X) and division (-+) signs are seldom used. 
In algebra, ab is usually written ab, or sometimes a-b. For division ad is usually 


written 5 or a/b. The symbol > means “greater than’’ and < means “less than.” 


Thus, a>} means “a is greater than b,” anda 2 bora > b means “a is equal to or greater 
than b.”’ 

The order of performing the operations indicated in an equation should be observed 
carefully. Consider the equation a=b+cd—e/f. If the equation is to be solved 
for a, the value cd should be determined by multiplication and e/f by division before 
the addition and subtraction, as each of these is to be considered a single quantity in 
making the addition and subtraction. Thus, if cd=g and e/f=h, the formula can be 
written a=b+g—h. 

If an equation including both multiplication and division between plus or minus 
signs is not carefully written, some doubt may arise as to which process to perform 
first. Thus, a--bXc or a/bXc may be interpreted to mean either that a/b is to be 
multiplied by ¢ or that a is to be divided by 6 Xe. Such an equation is better written 
ac/b if the first meaning is intended, or a/bc if the second meaning isintended. Paren- 
theses, (_ ), may be used for the same purpose or to indicate any group of quantities 
that is to be considered a single quantity. Thus, a(b+c) is an indication that the 
sum of 6 and c is to be multiplied by a. Similarly, a+ (b—c¢)’ indicates that c is first to 
be subtracted from 6, and then the result is to be squared and the value thus obtained 
added to a. When an expression within parentheses is part of a larger expression 
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which should also be in parentheses, brackets, [ ], are used in place of the outer 
parentheses. If yet another set is needed, braces, { }, are used. 

A quantity written /3 ab is better written ab /3 to remove any suggestion that 
the square root of 3ab is to be found. 

021. Addition and subtraction.—A plus sign before an expression in parentheses 
means that each term retains its sign as given. Thus, a+(b-+c—d) is the same as 
a+b+c—d. A minus sign preceding the parentheses means that each sign within 
the parentheses is to be reversed. For example, a—(b+c—d)=a—b—c-d. 

In any equation involving addition and subtraction, similar terms can be com- 
bined. Thus, a+b+c¢+6—2c—d=a+2b—c—d. Also, a+3ab+a?—b—ab=a-+ 2ab-+ 
a’—b. That is, to be combined, the terms must be truly alike, for a cannot be com- 
bined with ad, or with a?. 

Equal quantities can be added to or subtracted from both members of an equation 
without disturbing the equality. Thus, if a=, a+2=—6+2, or a+z=b+2. If z=y, 
then a+z=b+y. 

022. Multiplication and division——When an expression in parentheses is to be 
multiplied by a quantity outside the parentheses, each quantity separated by a plus 
or minus sign within the parentheses should be multiplied separately. Thus, a(6+ed— 
e/f) may be written ab+acd—ae/f. Any quantity appearing in every term of one member 
of an equation can be separated out by factoring, or dividing each term by the common 


quantity. Thus, if a=bet O54 b, the equation may be written a=b (c+5—54 1) 
2 
Note that jai and rab. This is the inverse of multiplication: a<1=a, but 


7 
aXa=a’. Also, a?Xa?=a'; and ae. Thus, in multiplying a power of a number by 


a power of the same number, the powers are added, or, stated mathematically, axa” 
=a"*", In division, c=", or the exponents are subtracted. If n is greater than m, 
a negative exponent results. A value with a negative exponent is equal to the reciprocal 
of the same value with a positive exponent. Thus, ara and Boe 

In raising to a power a number with an exponent, the two exponents are multi- 
plied. Thus, (a?)'=a?*3=q', or (a")"=a". The inverse is true in extracting a root. 


2 oo. 
Thus, Va@?=a' =a’, or "/a"=a". 
Both members of an equation can be multiplied or divided by equal quantities 
without disturbing the equality, excluding division by zero or some expression equal 


to zero. Thus, if a=b+c, 2a=2(b+0), or if r=y, az=y(b+c) and ea Sometimes 


there is more than one answer to an equation. Division by one of the unknowns may 
eliminate one of the answers. 

Both members of an equation can be raised to the same power, and like roots of both 
members can be taken, without disturbing the equality. Thus, if a=b+e, a?=(b+ce)?, 
or if r=y, a*=(b+e)". This is not the same as a?=b’+¢!, Similarly, if a=b+c, Ja= 
vo+e, or if r=y, Va=/b-+e. Again, /b-+c is not equal to 4/6+4/c, as a numerical 
example will indicate: ¥100=64-+36, but 7100 does not equal 64+4/36. 

If two quantities to be multiplied or divided are both positive or both negative, the 


result is positive. Thus, (+a) (+6)=ab and == eS But if the signs are opposite, 


: 
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the answer is negative. Thus, (+a) (—}b)=—ab, and =s eee also, (—a)X(+6)= 


—ab, and nde wae 


b b 


In expressions containing both parentheses and brackets, or both of these and 


braces, the innermost symbols are removed first. Thus, { 62—EG+)—Sul\ 


—{ 6-- a Ce an —{ 6- eee 


023. erections .—To add or subtract two or more fractions, convert each to an 


expression having the same denominator, and then add the numerators. Thus, e+5t+ 


2 adf, cbf , ebd ad b : : 
= b ait b nas Fs —er eres That is, both numerator and denominator of each 
fraction are multiplied by the denominator of the other remaining fractions. 

To multiply two or more fractions, multiply the numerators by each other, and 


also multiply the denominators by each other. Thus, x5 «Ee te mit 


To divide two fractions, invert the divisor and multiply. Thus, — = a a 
If the same factor appears in all terms of a fraction, it can be factored out without 


ab+actad_b+e+d 


This is the same as 


changing the value of the fraction. Thus, 


ae—af — e—ff 
factoring a from the numerator and denominator separately. That is, ee 
were ad » but since a=1, this part can be removed, and the fraction appears as above. 


024. Transposition.—It is sometimes desirable to move terms of an expression 
from one side of the equals sign (=) to the other. This is called transposition, and to 
move one term is to transpose it. If the term to be moved is preceded by a plus or a 
minus sign, this sign is reversed when the term is transposed. Thus, if a=b+c, then 
a—b=c, a—c=b, —b=c—a, —b—c=—a, etc. Note that the signs of all terms can be 
reversed without destroying the equality, for if a=b, b=a. Thus, if all terms to the 
left of the equals sign are exchanged for all those to the right, no change in sign need 
take place, yet if each is moved individually, the signs reverse. For instance, if a= 
b+c, —b—c=—a. If each term is multiplied by —1, this becomes 6+c=a. 

A term which is to be multiplied or divided by all other terms on its side of the 
equation can be transposed if it is also moved from the numerator to the denominator, 


or vice versa. Thus, if a=’, then ac=), =, es, ae ete. (Note that a=*.) The 
ao "ac lb 4 1 


same result could be sbtainéd by multiplying both sides of an equation by the same 


quantity. For instance, if both sides of a=" are multiplied by c, the equation becomes 


acm and since any number (except zero) divided by itself is unity, <=1, and the 


equation becomes ac=6, as given above. Note, also, that both sides of an equation can 
b ie Lipa 


be inverted without destroying the relationship, for if a=, = and ae ala ead 


This is accomplished by transposing all terms of an equation. 
Note that in the case of transposition by changing the plus or minus sign, an entire 
expression must be changed, and not a part of it. Thus, if a= bce+d, a—bc=d, but it 
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is not true that a+b=c-+d. Similarly, a term to be transposed by reversing its multi- 
plication-division relationship must bear that relationship to all other terms on its side 
a 


of the equation. That is, if a=bc+d, it is not true that gaetd, or that be but 


a a 
Foadane: If a=b(cd+e), then padre. 
025. Ratio and proportion.—If the relationship of a to b is the same as that of 


; : , : de etl See, 
c to d, this fact can be written a : 6 ::¢:d, or i=7 Either side of this equation, BG 


is called a ratio and the whole equation is called a proportion. When a ratio is given a 
‘ A - ip Otel 
numerical value, it is often expressed as a decimal or as a percentage. Thus, if iad 
(that is, a=1, 6=4), the ratio might be expressed as 0.25 or as 25 percent. 
Since a ratio is a fraction, it can be handled as any other fraction. 


Geometry 


026. Definitions.—Geometry is that branch of mathematics dealing with the 
properties, relations, and measurement of lines, surfaces, solids, and angles. Plane 
geometry deals with plane figures, and solid geometry deals with three-dimensional 
figures. 

A point, considered mathematically, is a place having position but no extent. It 
has no length, breadth, or thickness. A point in motion produces a line, which has 
length, but neither breadth nor thickness. A straight or right line is the shortest 
distance between two points in space. A line in motion in any direction except along 
itself produces. a surface, which has length and breadth, but not. thickness. A plane 
surface or plane is a surface without curvature. A straight line connecting any two 
of its points lies wholly within the plane. A plane surface in motion in any direction 
except within its plane produces a solid, which has length, breadth, and thickness. Par- 
allel lines or surfaces are those which are everywhere equidistant. Perpendicular lines 

or surfaces are those which meet at right 

angles. A perpendicular may be called a 

normal, particularly when it is perpendicular 

to the tangent to a curved line or surface 
at the point of tangency. All points equi- 
distant from the ends of a straight line are 
on the perpendicular bisector of that line. 
The distance from a point to a line is the 
length of the perpendicular between them, 
unless some other distance is indicated. 

C 027. Angles.—An angle is the inclina- 

Figure 027a. An angle. tion to each other of two straight lines which 

meet at a point. It is measured by the 

arc of a circle intercepted between the two lines forming the angle, the center of 

the circle being at the point of intersection. Referring to figure O27a, the angle 

formed by lines AB and BO, measured by the arc shown, may be designated ‘angle 

B,” “angle ABC,” or “angle CBA”; or by Greek letter (app. B), as “angle a.” The 

first method should not be used if there is more than one angle at the point, as at G 

in figure 027b. When three letters are used, the middle one should always be that at 
the vertex of the angle, as G in figure 027b. 

An acute angle is one less than a right angle (90°). In figure 027b, angles AGB, 
BGC, CGD, DGE, and EGF are all acute angles. 
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A right angle is one whose sides are perpendicular (90°). In figure 027b, angles 
AGC, BGD, CGE, and DGF are right angles. 

An obtuse angle is one greater than a right angle (90°) but less than a straight 
angle (180°). In figure 027b, angles AGD, BGE, and CGF are obtuse angles. Angle 
AGF is also obtuse if measured counterclockwise from AG to FG. 

A straight angle is one whose sides form a continuous straight line (180°). In 
figure 027b, angles AGE and BGF are straight angles. 

A reflex angle is one greater than a straight angle (180°) but less than a circle 
(360°). In figure 027b, angle AGF is reflex if measured clockwise from AG to FG. 
Actually, any two lines meeting at a point form two angles, one less than a straight 
angle of 180° (unless exactly a straight angle) and the other greater than a straight 
angle (180°). 

An oblique angle is any angle not a multiple of 90°. 

Two angles whose sum is a right angle (90°) are complementary angles, and either 
is the complement of the other. In figure 027b, angles AGB and BGC, BGC and 
OGD, CGD and DGE, and DGE and EGF are complementary. The angles need not 
be adjacent. Angles AGB and DGE, and angles BGC and EGF are complementary. 

Two angles whose sum is 
a straight angle (180°) are sup- ¢ 
plementary angles, and either is D 
the supplement of the other. 

In figure O27b, angles AGB 

and BGE, AGC and CGE, B 

AGD and DGE, BGC and CGF, 

BGD and DGF, BGE and EGF, 

and AGC and DGF are supple- 

mentary. A cE 

Two angles whose sum is a G 
circle (360°) are explementary 
angles, and either is the exple- 
ment of the other. The two 
angles formed when any two F 
lines terminate at a common Figure 027b. Acute, right, and obtuse angles. 
point are explementary. 

Since angles AGB and CGD (fig. 027b) are each complementary to angle BGC, 
angles AGB and OGD are equal. Similarly, it can be shown that angle HGF is also 
equal to angle CGD (and therefore also equal to angle AGB) and also that angles BGC 
and DGE are equal to each other. Since AGC and CGE are both right angles with a 
common side, OG is perpendicular to AF. Similarly, DG is perpendicular to Bae rt 
the sides of one angle are perpendicular to those of another, the two angles are either 
equal or supplementary. Also, if the sides of one angle are parallel to those of another, 
the two angles are either equal or supplementary. 

When two straight lines intersect, forming four angles, the two opposite angles, 
called vertical angles, are equal. Thus, in figure 027b, lines AF and BF intersect at 
G. Angles AGB and EGF form a pair of equal acute vertical angles, and BGE and 
AGF form a pair of equal obtuse vertical angles. Angles which have the same vertex 
and lie on opposite sides of a common side are adjacent angles. Adjacent angles 
formed by intersecting lines are supplementary, since each pair of adjacent angles 
forms a straight angle (fig. 027b). 

A transversal is a line that intersects two or more other lines. If two or more 
parallel lines are cut by a transversal, groups of adjacent and ver tical angles are formed, 
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as shown in figure 027c. In this situation, all acute 
angles (A) are equal, all obtuse angles (B) are equal, 
and each acute angle is supplementary to each 
obtuse angle. 
A\ B A dihedral angle is the angle between two inter- 
B\A secting planes. 
028. Triangles.—A plane triangle is a closed 
Ficure 027c. Angles formed by a_ figure formed by three straight lines, called sides, 
EE which meet at three points called vertices (singular 
vertex). The vertices are usually labeled with capital letters, and the sides with lower- 
case letters, as shown in figure 028a. 

An equilateral triangle is one with its three sides equal. An equiangular triangle 
is one with its three angles equal. When either of these conditions is present, the 
other always is, so that a triangle which is equilateral is also equiangular, and vice 
versa. 

An isosceles triangle is one with two equal sides, called legs. The angles opposite 
the legs are equal. A line which bisects (divides into two equal parts) the unequal 
angle of an isosceles triangle is the perpendicular bisector of the opposite side, and 
divides the triangle into two equal right triangles. 

A scalene triangle is one with no two sides equal. In such a triangle, no two 
angles are equal. 

An acute triangle is one with three acute angles. 

A right triangle is one with a right angle. The side opposite the right angle is 
called the hypotenuse. The other two sides may be called legs. A plane triangle can 
have only one right angle. B 

An obtuse triangle is one with an obtuse angle. 

A plane triangle can have only one obtuse angle. 

An oblique triangle is one which does not contain 
a right angle. c a 

The altitude of a triangle is a perpendicular line 
from any vertex to the opposite side, extended if 
necessary, or the length of this perpendicular line. 


A median of a triangle is a line from any vertex A C 
to the center of the opposite side. The three medians b 
of a triangle meet at a point called the centroid of the Ficure 028a. A triangle. 


triangle. This point divides each median into two parts, 
that part between the centroid and the vertex being twice as long as the other part. 

Lines bisecting the three angles of a triangle meet at a point which is equidistant 
from the three sides, and is the center of the inscribed circle, as shown in figure O28b. 
This point is of particular interest to navigators because it is the point taken as the fix 
when three lines of position of equal weight and having only random errors do not meet 
at a common point. 

The perpendicular bisectors of the three sides of a triangle meet at a point which is 
equidistant from the three vertices, and is the center of the circumscribed circle, the 
circle through the three vertices and therefore the smallest circle which can be drawn 
enclosing the triangle. The center of a circumscribed circle is within an acute 
triangle, on the hypotenuse of a right triangle, and outside an obtuse triangle. 

A line connecting the mid points of two sides of a triangle is parallel to the third 
side and half as long. Also, a line parallel to one side of a triangle and intersecting the 
other two sides divides these sides proportionally. This principle can be used to divide 
a line into any number of equal or proportional parts. Refer to figure O028c. Suppose 
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it is desired to divide line AB into four equal parts. From A draw any line AC. Along 
C measure four equal parts of any convenient lengths (AD, DE, EF, and FG). Draw 
GB, and through F, E, and D draw lines parallel to GB and intersecting AB. Then 
AD’, D'E’, E’F’, and F’B are equal and AB is divided into four equal parts. 

The sum of the angles of a plane triangle is 180°. Therefore, the sum of the acute 
angles of a right triangle is 90°, and the angles are complementary. If one side of a 
triangle is extended, the exterior angle thus formed is supplementary to the adjacent 
interior angle and, therefore, equal to the sum of the two nonadjacent angles. If two 
angles of one triangle are equal to two angles of another triangle, the third angles are 
also equal, and the triangles are similar. If the area of one triangle is equal to the area 
of another, the triangles are equal. Triangles having equal bases and altitudes have 
equal areas. ‘Two figures are congruent if one can be placed over the other to make 
an exact fit. Congruent figures are both similar and equal. If any side of one triangle 
is equal to any side of a similar triangle, the triangles are congruent. For example, 
if two right triangles have equal sides, they are congruent; if two right triangles have 
two corresponding sides equal, they are congruent. Triangles are congruent only if the 
sides and angles are equal. 

The sum of two sides of a plane triangle is always greater than the third side; 
their difference is always less than the third side. 


A 


p< 


FigurE O28b. A circle in- 


G~C 


scribed in a triangle. Figure O28c. Dividing a line into equal parts. 


If A=area, b=one of the legs of a right triangle or the base of any plane triangle, 
h=altitude, c=the hypotenuse of a right triangle, a=the other leg of a right triangle, 
and S=the sum of the interior angles: 


Area of plane triangle: A=") 


Length of hypotenuse of plane right triangle: c=a?+b? 
Sum of interior angles of plane triangle: S=180°. 


029. Polygons.—A polygon is a closed plane figure made up of three or more 
straight lines called sides. A polygon with three sides is a triangle, one with four sides 
is a quadrilateral, one with five sides is a pentagon, one with six sides is a hexagon, 
and one with eight sides is an octagon. An equilateral polygon has equal sides. An 
equiangular polygon has equal interior angles. A regular polygon is both equilateral 
and equiangular. As the number of sides of a regular polygon increases, the figure 
approaches a circle. 

A trapezoid is a quadrilateral with one pair of opposite sides parallel and the other 
pair not parallel. A parallelogram is a quadrilateral with both pairs of opposite sides 
parallel. Any side of a parallelogram, or either of the parallel sides of a trapezoid, 
is the base of the figure. The perpendicular distance from the base to the opposite 
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side is the altitude. A rectangle is a parallelogram with four right angles. (If any 
one is a right angle, the other three must be, also.) A square is a rectangle with equal 
sides. A rhomboid is a parallelogram with oblique angles. A rhombus is a rhomboid 
with equal sides. 

The sum of the exterior angles of a convex polygon (one having no interior reflex 
angles), made by extending each side in one direction only (consistently), is 360°. 

A diagonal of a polygon is a straight line connecting any two vertices which are 
not adjacent. The diagonals of a parallelogram bisect each other. 

The perimeter of a polygon is the sum of the lengths of its sides. 

If A=area, s=the side of a square, a=that side of a rectangle adjacent to the base 
or that side of a trapezoid parallel to the base, b=the base of a quadrilateral, h—the 
altitude of a parallelogram or trapezoid, S=the sum of the angles of a polygon, and 
n= the number of sides of a polygon: 


Area of square: A=s? 
Area of rectangle: A=ab 
Area of parallelogram: A=bh 


Area of trapezoid: fue 


Sum of angles in convex polygon: S=(n—2)180°. 


030. Circles.—A circle is a plane, closed curve, all points of which are equidistant 

from a point within, called the center (C, fig. 030) ; or the figure formed by such a curve. 

A The line forming the circle is called the cir- 

H J cumference. The length of this line is the 

perimeter, although the term ‘circumfer- 

ence” is often used with this meaning. An 

arc is part of a circumference. A major are 

is more than a semicircle (180°), a minor 

arc is less than a semicircle (180°). A semi- 

circle is half a circle (180°), a quadrant is 

Ds quarter of a circle (90°), a quintant is a 

fifth of a circle (72°), a sextant is a sixth of 

G a circle (60°), an octant is an eighth of a 

circle (45°). Some of these names have been 

applied to instruments used by navigators 

L for measuring altitudes of celestial bodies 

because of the part of a circle originally used 

M for the length of the arc of the instrument. 

Ficure 030. Elements of a circle. Concentric circles have a common center. 

A radius (plural radii) or semidiameter 

is a straight line connecting the center of a circle with any point on its circumfer- 
ence. In figure 030, CA, OB, CD, and CE are radii. 

A diameter of a circle is a straight line passing through its center and terminating 
at opposite sides of the circumference, or two radii in opposite directions (BCD, fig. 
030). It divides a circle into two equal parts. The ratio of the length of the circum- 
ference of any circle to the length of its diameter is 3.14159-+-, or w (the Greek letter pz), 
a relationship that has many useful applications. 

A sector is that part of a circle bounded by two radii and an arc. In figure 030, 
BCE, ECA, ACD, BCA, and ECD are sectors. The angle formed by two radii is called 
a central angle. Any pair of.radii divides a circle into sectors, one less than a semicircle 
(180°) and the other greater than a semicircle (unless the two radii form a diameter). 
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A chord is a straight line connecting any two points on the circumference of a 
circle (FG, GN in fig. O30). Chords equidistant from the center of a circle are equal 
in length. 

A segment is that part of a circle bounded by a chord and the intercepted arc 
(FGMF, NGMN in fig. 030). A chord divides a circle into two segments, one less 
than a semicircle (180°), and the other greater than a semicircle (unless the chord is a 
diameter). A diameter perpendicular to a chord bisects it, its arc, and its segments. 
Either pair of vertical angles formed by intersecting chords has a combined number 
of degrees equal to the sum of the number of degrees in the two arcs intercepted by 
the two angles. 

An inscribed angle is one whose vertex is on the circumference of a circle and 
whose sides are chords (FGN in fig. O30). It has half as many degrees as the arc it 
intercepts. Hence, an angle inscribed in a semicircle is a right angle if its sides ter- 
minate at the ends of the diameter forming the semicircle. 

A secant of a circle is a line intersecting the circle, or a chord extended beyond 
the circumference (KL in fig. 030). 

A tangent to a circle is a straight line, in the plane of the circle, which has only one 
point in common with the circumference (HJ in fig. 030). A tangent is perpendicular 
to the radius at the point of tangency (A in fig. 030). The two tangents from a point 
to opposite sides of a circle are equal in length, and a line from the point to the center 
of the circle bisects the angle formed by the two tangents. An angle formed outside a 
circle by the intersection of two tangents, a tangent and a secant, or two secants has 
half as many degrees as the difference between the two intercepted arcs. An angle 
formed by a tangent and a chord, with the apex at the point of tangency, has half as 
many degrees as the arc it intercepts. A common tangent is one tangent to more than 
one circle. Two circles are tangent to each other if they touch at one point only. 
If of different sizes, the smaller circle may be either inside or outside the larger one. 

Parallel lines intersecting a circle intercept equal arcs. 

If A=area; r—radius; d=diameter; C=circumference; s=linear length of an arc; 
a=angular length of an arc, or the angle it subtends at the center of a circle, in degrees; 
8=angular length of an arc, or the angle it subtends at the center of a circle, in radians; 
rad=radians (art. O38), and sin=sine (art. O39): 

md? 


Area of circle: AE 


Circumference of circle: C=2rr=r7d=27r rad 
ma_ 1B _1s 
SE) teed = 2 
r?(B—sin. a) 
2 


Area of sector: A= 


Area of segment: A= 


031. Polyhedrons.—A polyhedron is a solid having plane sides or faces. 

A cube is a polyhedron having six square sides. 

A prism is a solid having parallel, similar, equal, plane geometric figures as bases, 
and parallelograms as sides. By extension, the term is also applied to a similar solid 
having nonparallel bases, and trapezoids or a combination of trapezoids and paral- 
lelograms as sides. The axis of a prism is the straight line connecting the centers of its 
bases. A right prism is one having bases perpendicular to the axis. The sides of a 
right prism are rectangles. A regular prism is a right prism having regular polygons 
as bases. The altitude of a prism is the perpendicular distance between the planes of 
its bases. In the case of a right prism, it is measured along the axis. 


1026 APPENDIX 0: MATHEMATICS 


A pyramid is a polyhedron having a polygon as one end, the base ; and a point, the 
apex, as the other; the two ends being connected by a number of triangular sides or 
faces. The axis of a pyramid is the straight line connecting the apex and the center of 
the base. A right pyramid is one having its base perpendicular to its axis. _A regular 
pyramid is a right pyramid having a regular polygon as its base. The altitude of a 
pyramid is the perpendicular distance from its apex to the plane of its base. A trun- 
cated pyramid is that portion of a pyramid between its base and a plane intersecting 
all of the faces of the pyramid. 

If A=area, s=edge of a cube or slant height of a regular pyramid (from the center 
of one side of its base to the apex), V=volume, a=side of a polygon, h=altitude, P= 
perimeter of base, n=number of sides of polygon, B=area of base, and r= perpendicular 
distance from the center of a side of a polygon to the center of the polygon: 


Oube: 


Area of each face: A=s? 
Total area of all faces: A=6s? 
Volume: V=s? 


Regular prism: 
Area of each face: A=ah 
Total area of all faces: A= Ph=nah 
Area of each base: 2= 
Total area of both bases: 4=nar 


Volume: V=Bh= nerh 


Regular pyramid: 


Area of each face: A=“ 


2 
Total area of all faces: A=" 
Area of base: B="~ 
Bh narh 
Volume: Mia yee 


032. Cylinders.—A cylinder is a solid having two parallel plane bases bounded 
by closed congruent curves, and a surface formed by an infinite number of parallel 
lines, called elements, connecting similar points on the two curves. A cylinder is 
similar to a prism, but with a curved lateral surface, instead of a number of flat sides 
connecting the bases. The axis of a cylinder is the straight line connecting the centers 
of the bases. A right cylinder is one having bases perpendicular to the axis. A circular 
cylinder is one having circular bases. The altitude of a cylinder is the perpendicular 
distance between the planes of its bases. The perimeter of a base is the length of the 
curve bounding it. 

If A=area, P=perimeter of base, h=altitude, r=radius of a circular base, B= 
area of base, and V=volume, then for a right circular cylinder: 


Lateral area: A= Ph=2zarh 
Area of each base: B= ar? 
Total area, both bases: A=2zar? 
Volume: V=Bh=ar’h. 


| 
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033. Cones.—A cone is a solid having a plane base bounded by a closed curve, 
and a surface formed by lines, called elements, from every point on the curve to a 
common point called the apex. A cone is similar to a pyramid, but with a curved 
surface connecting the base and apex, instead of a number of flat sides. The axis of a 
cone is the straight line connecting the apex and the center of the base. A right cone 
is one having its base perpendicular to its axis. A circular cone is one having a circular 
base. The altitude of a cone is the perpendicular distance from its apex to the plane of 
its base. A frustum of a cone is 
that portion of the cone between 
its base and any parallel plane in- 
tersecting all elements of the cone. : P: 
A truncated cone is that portion of a. / 
a cone between its base and any 
nonparallel plane which intersects A=—— Me 
all elements of the cone but does y 
not intersect the base. fe 

If A=area, r=radius of base, C— / 
s=slant height or length of element, / 
B=area of base, h=altitude, and / 
V=volume, then for a right circular / 
cone: / 


\ 
| 
es) 


Lateral area: A=-ars / 
Area of base: B=zrr’? / 
Slant height: s=/r?+h? / 


2 
Volume: V= ha / 


034. Conic sections.—If a right / 
circular cone of indefinite extent is E 
intersected by a plane perpendicular 
to the axis of the cone (AB, fig. 
O034a), the line of intersection of the 
plane and the surface of the cone is 
a circle, discussed in article O30. 

If the intersecting plane of fig- 
ure 034a is tilted to some position 
such as CD, the intersection is an 
ellipse or flattened circle, figure 
034b. The longest diameter of an 
ellipse is called its major axis, and 
half of this is its semimajor axis, a. 
The shortest diameter of an ellipse Ficure 034a. Conic sections. 
is called its minor axis, and half of 
this is its semiminor axis, b. Two points, F and F’, called foci (singular focus) or 
focal points, on the major axis are so located that the sum of their distances from any 
point P on the curve is equal to the length of the major axis. That is, PF+PF’=2a 


\ 
=———=5=-—--_.-_________ “ij 


c 
(fig. 034b). The eccentricity (e) of an ellipse is equal to sa where c is the distance from 


the center to one of the foci ((=CF=CF’). It is always greater than 0 but less than 1. 
If the intersecting plane of figure 034a is parallel to one element of the cone, as 
at EF, the intersection is a parabola, figure 034c. Any point P ona parabola is equi- 
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P distant from a fixed point F, called the focus or 
focal point, and a fixed straight line, AB, called the 
directrix. Thus, for any point P, PF=PE. The 
point midway between the focus F and the directrix 
AB is called the vertex, V. The straight line 


Sate 
Figure 034b. An ellipse. 

through F and V is called the axis, CD. 
This line is perpendicular to the directrix 
AB. The eccentricity (e) of a parabola is 1. 
If the elements of the cone of figure 
O34a are extended to form a second cone 
having the same axis and apex but extending 
in the opposite direction, and the intersecting 
plane is tilted beyond the position forming a 
parabola, so that it intersects both curves, 
as at GH, the intersections of the plane with 
the cones is a hyperbola, figure 034d. There 
are two intersections or branches of a hyper- 
bola, as shown. At any point P on either 
branch, the difference in the distance from 


two fixed points called foci or focal points, 
F and F’, is constant and equal to the short- 


A 


B 


Figure O034c. A parabola. 


Figure 034d. A hyperbola. 


est distance between the two branches. That 1s, J h— Pi = 20 (fie, 034d). 


The 


straight line through F' and F’ is called the axis. The eccentricity (e) of a hyperbola 


| 
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is the ratio (fig. 034d). It is always greater than 1. Each branch of a hyperbola 


approaches ever closer to, but never reaches, a pair of intersecting straight lines, AB 
and CD, called asymptotes. These intersect at G. 

The various conic sections bear an eccentricity relationship to each other. The 
eccentricity of a circle is 0, that of an ellipse is greater than 0 but less than 1, that of a 
parabola or straight line (a limiting case of a parabola) is 1, and that of a hyperbola 
is greater than 1. 

If e=eccentricity, AB=area, a=semimajor axis of an ellipse or half the shortest 
distance between the two branches of a hyperbola, b=the semiminor axis of an ellipse, 
and c=the distance between the center of an ellipse and one of its focal points or the 
distance between the focal point of a hyperbola and the intersection of its asymptotes: 


Circle: 
Eccentricity: e=0 
Other relationships given in article 030. 


Ellipse: 
Area: A=7x ab 


ngs c 
Eccentricity: e=7 greater than 0, but less than 1. 


Parabola: 
Eccentricity: e=1. 


Hyperbola: 


8 c 
Eccentricity: eae greater than 1. 


When cones are intersected by some surface other than a plane, as the curved 
surface of the earth, the resulting sections do not follow the relationships given above, 
the amount of divergence therefrom depending upon the individual circumstances. 
Thus, a “hyperbolic” line of position (art. 1109) is not a true hyperbola. 

035. Spheres.—A sphere is a solid bounded by a surface every point of which is 
equidistant from a point within, called the center. It may be formed by rotating a 
circle about any diameter. 

A radius or semidiameter of a sphere is a straight line connecting its center with 
any point on its surface. A diameter of a sphere is a straight line through its center 
and terminated at both ends by the surface of the sphere. The poles of a sphere are 
the ends of a diameter. 

The intersection of a plane and the surface of a sphere is a circle, a great circle 
if the plane passes through the center of the sphere, and a small circle if it does not. 
The shorter arc of the great circle between two points on the surface of a sphere is the 
shortest distance, on the surface of the sphere, between the points. Every great circle 
of a sphere bisects every other great circle of that sphere. . The poles of a circle on a 
sphere are the extremities of the sphere’s diameter which is perpendicular to the plane 
of the circle. All points on the circumference of the circle are equidistant from either 
of its poles. In the case of a great circle, both poles are 90° from any point on the cir- 
cumference of the circle. Any great circle may be considered a primary, particularly 
when it serves as the origin of measurement of a coordinate. The great circles through 
its poles are called secondaries. Secondaries are perpendicular to their primary. 

A spherical triangle is the figure formed on the surface of a sphere by the intersection 
of three great circles. The lengths of the sides of a spherical triangle are measured in 
degrees, minutes, and seconds, as the angular lengths of the arcs forming them. The 
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sum of the three sides is always less than 360°. The sum of the three angles is always 
more than 180° and less than 540°. 

A lune is that part of the surface of a sphere bounded by halves of two great circles. 

A spheroid is a flattened sphere, which may be formed by rotating an ellipse about 
one of its axes. An oblate spheroid, such as the earth, is formed when an ellipse is rotated 
about its minor axis. In this case the diameter along the axis of rotation is less than 
the major axis. A prolate spheroid is formed when an ellipse is rotated about its major 
axis. In this case the diameter along the axis of rotation is greater than the minor axis. 

If A=area, r=radius, d=diameter, and V=volume of a sphere: 

Area: A=4ar?= 7d? 
4ar?__1d® 
oeeate 

If A=area, a=semimajor axis, b>=semiminor axis, e=eccentricity, and V=volume 

of an oblate spheroid: 


2 6 
Area: A=47a? (1-5-4-2—--) 


2 2 
Eccentricity: e=4/ Da 
4ra*b 
3 

036. Coordinates are magnitudes used to define a position. Many different 
types of coordinates are used. 

If a position is known to be at a stated point, no magnitudes are needed to identify 
the position, although they may be required to locate the point. Thus, if a vessel is 
at port A, its position is known if the location of port A is known, but latitude and 
longitude may be needed to locate port A. 

If a position is known to be on a given line, a single magnitude (coordinate) is 
needed to identify the position if an origin is stated or understood. Thus, if a vessel 

is known to be south of port B, 

vA it is known to be on a line ex- 

tending southward from port B. 

If its distance from port B is 

known, and the position of port 

B is known, the position of the 
vessel is uniquely defined. 

If a position is known to be 
on a given surface, two magni- 
tudes (coordinates) are needed 
to define the position. Thus, if 
a vessel is known to be on the 
surface of the earth, its position 
can be identified by means of 
latitude and longitude. Lati- 
tude indicates its angular dis- 
tance north or south of the 
equator, and longitude its an- 
gular distance east or west of 
the prime meridian. 

If nothing is known regard- 
Ficure O36a. Rectangular coordinates. ing a position other than that 


Volume: V= 


Volume: V= 
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it exists in space, three magnitudes (coordinates) are needed to define its position. 
Thus, the position of a submarine may be defined by means of latitude, longitude, 
and depth below the surface. 

Each coordinate requires an origin, either stated or implied. If a position is known 
to be on a given plane, it might be defined by means of its distance from each of two 
intersecting lines, called axes. Thus, in figure O36a the position of point A can be 
defined by stating that it is x units to the right of line OY and y units upward from line 
OX. These are called rectangular coordinates. The coordinate along OY is called the 
ordinate, and the coordinate along OX is called the abscissa. Point O is the origin, and 
lines OX and OY the axes (called the X and Y axes, respectively). Point A is at position 
z,y. Ifthe axes are not perpendicular but the lines x and y are drawn parallel to the axes, 
oblique coordinates result. Either type are Cartesian coordinates. A three-dimensional 
system of Cartesian coordinates, with X, Y, and Z axes, is called space coordinates. 

Another system of plane coordinates in common usage consists of the direction 
and distance from the origin (called the pole), as shown in figure O36b. A line extending 
in the direction indicated is called a radius vector. Direction and distance from a 
fixed point constitute polar coordinates, sometimes called the rho- (the Greek p, to 
indicate distance) theta (the Greek 6, to indicate di- 
rection) system. Navigators more commonly call it 
the “bearing-distance”’ system. An example of its 
use is with respect to a radar PPI (art. 1208). 

Spherical coordinates are used to define a posi- 
tion on the surface of a sphere or spheroid by indi- 
cating angular distance from a primary great circle 
and a reference secondary great circle. Familiar 
examples are latitude and longitude, altitude and 
azimuth, and declination and hour angle. 


Trigonometry 


037. Definitions.—Trigonometry is that branch = Ficure 036b. Polar coordinates. 
of mathematics dealing with the relations among the 
angles and sides of triangles. Plane trigonometry is that branch dealing with plane 
triangles, and spherical trigonometry is that branch dealing with spherical triangles. 

038. Angular measure.—A circle may be divided into 360 degrees (°), which is 
the angular length of its circumference. Each degree may be divided into 60 min- 
utes (7), and each minute into 60 seconds (”). The angular length of an arc is usually 
expressed in these units. By this system a right angle or quadrant has 90° and a straight 
angle or semicircle 180°. In marine navigation, altitudes, latitudes, and longitudes are 
usually expressed in degrees, minutes, and tenths (27°14'4). Azimuths are usually 
expressed in degrees and tenths (164°7). The system of degrees, minutes, and seconds 
indicated above is the sexagesimal system. In the centesimal system, used chiefly in 
France, the circle is divided into 400 centesimal degrees (sometimes called grades) 
each of which is divided into 100 céntesimal minutes of 100 centesimal seconds each. 

A radian is the angle subtended at the center of a circle by an arc having a linear 
length equal to the radius of the circle. A radian is equal to 57°2957795131 approxi- 
mately, or 57°17'44"80625 approximately. The radian is sometimes used as a unit 
of angular measure. A circle (360°)=27 radians, a semicircle (180°)=7 radians, a right 


angle (90°)=5 radians, 1°=0.0174532925 radians approximately, 1’=0.0002908882 
radians approximately, and 1” =0.0000048481 radians approximately. 
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b 
Figure 0389a. A right triangle. 


039. Trigonometric functions are the various proportions or ratios of the sides of 
a plane right triangle, defined in relation to one of the acute angles. In figure 039a, 
A, B, and C are the angles of a plane right triangle, the right angle being at C. The 
sides are a, 6, c, as shown. The six principal trigonometric functions of angle A are: 


side opposite _@ 


sine A=sin A= = 
hypotenuse c 


side adjacent 6 
hypotenuse 


cosine A—cos A= 


— tan A—*!de opposite _ a 
tangent A=tan Aan Abadia oe 
cotangent A=cot Aside adjacent _6 
side opposite a 

hypotenuse 


secant A=sec oe dana aac 


xe. 
spd 


cosecant A—cse A= bypotenuse uel, 
side opposite a 


Certain additional relations are also classed as trigonometric functions: 
versed sine A=versine A=vers A=ver A=1—cos A 
versed cosine A=coversed sine A=coversine A=covers A=cov A=1—sin A 
haversine A=hav A=} ver A=¥% (1—cos A). 
The numerical value of a trigonometric function is sometimes called the natural 
function to distinguish it from the logarithm of the function, called the logarithmic 
function. Numerical values of the six principal functions are given at 1’ intervals in 


table 31. Logarithms are given at the same intervals in table 33. Both natural and 
logarithmic haversines are given in table 34. 
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B cot A D 


Figure O39b. Line definitions of trigonometric functions. 


Various functions may be represented by lines associated with a circle, as shown 
in figure O039b. The radius of the circle is considered 1. Angle BDC=angle ECG= 
angle A. 


sin A=GE cot A=BD 
cos A=CE sec A=CH 
tan A=HF esc A=CD 
ver A=EF cov A=BJ. 


Some relationships apply only to plane trigonometry and others to both 
plane and spherical trigonometry. Those which apply to both are called fundamental 
identities. Examples are given below. 

Of the six principal functions, the second three are the reciprocals of the first 
three. Thus, 


: 1 
Bin Ain tae A wena 
1 1 
Some sece Bigees pee 
1 1 
tan Bae id cot ye aa A 
From figure 039a: 
sin B=? =cos A cot B=;=tan A 
i c 
cos Bas asin A sec B= = ese A 
b c 
tan B= = cot A csc B=7=sec A. 
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Since A and B are complementary, these relations show that the sine of an angle is the 
cosine of its complement, the tangent of an angle is the cotangent of its complement, 
and the secant of an angle is the cosecant of its complement. Thus, the co function 
of an angle is the function of its complement. 

040. The functions in various quadrants.—The sign (+ or —) of the functions 
varies with the quadrant of an angle. This is shown in figure 040a. In the left-hand 
diagram a radius is imagined to rotate in a counterclockwise direction through 360° 


<3 


SES 


> 


270° 180° 


Figure 040a. Trigonometric functions in the four quadrants. Left, mathematical convention; right, 
navigational convention. 


000° 


from the horizontal position at 0°. This is the mathematical convention. In the 
right-hand figure this concept is shown in the usual navigational convention of a 
compass rose, starting with 000° at the top and rotating clockwise. In either diagram 
the angle A between the original position of the radius and its position at any time 
increases from 0° to 90° in the first quadrant (1), 90° to 180° in the second quadrant 
(II), 180° to 270° in the third quadrant (III), and 270° to 360° in the fourth quadrant 
(IV). If the values of a and b are considered positive in the directions they extend in 
the first quadrant (upward and to the right) and negative in the opposite directions, 
and if ¢ is regarded as always positive, the signs of the functions can be determined 
by considering the signs of the sides involved, as shown in the following table: 


Functions 4 II Ill IV 
sine and cosecant =. a = Se 
cosine and secant =k. = a = 
tangent and cotangent + = ue a 
versine, coversine, and haversine + + + 


TaBLe 040a. Signs of trigonometric functions by quadrant, 


The numerical values vary as shown in the following table and in figure O40b: 


j 
} 
; 
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Functions p II III IV 
sine 0to +1 +1 to 0 0 to —1 —1tod 
cosecant +o to +1 +1 to +o —o to —1 —lto—o 
cosine +1 to 0 0 to —1 —1to0 0 to +1 
secant +1 to +o —o to —1l —l1to—o +o to +1 
tangent 0 to +o —o to 0 0 to +o —o to 0 
cotangent +2 to 0 0 to — om +o to 0 0 to —o 
versine 0to +1 +1 to +2 +2to+1 +1 to 0 
coversine +1 to 0 0 to +1 +1 to +2 +2 to +1 
havertine Oto +5 +5 tot eT ents +5 +5 to 0 


TaBLeE 040b. Values of trigonometric functions in various quadrants. 
graphically in figure O40b. 


I I 


vA 


These relationships are shown 


_ 


queBuer? 


-——_—-— 


0° 90° 180° 270° 36 


sit 


—1 


0° 90° 180° 270° 360° 


! 
—co t 
| 
0° 90° 180° 270° 360° 


Figure 040b. Graphic representation of values of trigonometric functions in various quadrants. 
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The functions of any angle in the second, third, and fourth quadrants are numeri- 
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cally equal to the same functions of some angle in the first quadrant, as follows: 


30° 


FieurRE 040c. 


Since the relationships of 30°-60° and 45° right triangles are as shown in figure 
040c, certain values of the basic functions can be stated exactly as shown in the follow- 


ing table: 


TABLE 040c. Values of various trigonometric functions for angles of 30°, 45°, and 60°. 


Quadrant 
II 
III 
IV 


V3 


Corresponding angle in first quadrant 


90° 


180°— angle 

angle— 180° 

360°— angle. 
45° 


MY 


1 


Numerical relationship of sides of 30°-60° and 45° triangles. 


Function 80° 45° 60° 
sine 5 a2 vo vt he 
cosine —_ v3 4-3 v2 5 
tangent a 43 = 1 ee V3 
cotangent _ 43 i= t ao3i3 
secant ae 43 ie 4/2 BS 2 
_ cosecant <= 2 ve V2 a V3 


90° 


: 
} 
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O41. Inverse trigonometric functions.—The angle having a given trigonometric 
function may be indicated in any of several ways. Thus, sin y=z, y=arc sin z, and 
y=sin~' x have the same meaning. The superior —1 is not an exponent in this case. 
In each case, y is ‘‘the angle whose sine is x.’ In this case, y is the inverse sine of z. 
Similar relationships hold for all trigonometric functions. 

042. Solution of triangles.—A triangle is composed of six parts: three angles and 
three sides. The angles may be designated A, B, and C; and the sides opposite these 
angles as a, 6, and c, respectively. In general, when three parts are known, the other 
three parts can be found, unless the known parts are the three angles of a plane triangle. 

Right plane triangles.—In a right plane triangle it is only necessary to substitute 
numerical values in the appropriate formulas representing the basic trigonometric 
functions (art. O39) and solve. Thus, if a and 6} are known: 


tan A=> 
B=90°—A 
c=a csc A. 
Similarly, if c and B are given: 
A=90°—B 
a=c sin A 
b=¢ COSzA. 


Oblique plane triangles.—In solving an oblique plane triangle, it is often desirable 
to draw a rough sketch of the triangle approximately to scale, as shown in figure 042a. 
The following laws are helpful in solving such triangles: 


5 a b Cc 
Law of sines: = > = 
y sin sin B sin 0 


Law of cosines: a?=b?+c’—2 be cos A. 


B 


A b C 


Fiacure 042a. A plane oblique triangle. 
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The unknown parts of oblique plane triangles can be computed by the formulas of 
table 042a, among others. By reassignment of letters to sides and angles, these 
formulas can be used to solve for all unknown parts of oblique plane triangles. 


Known To find Formula Comments 
2 6?— 2 : 
Qs Dy le A cos A= Cosine law 
Je > ai ti aginty oslq | 
a,b, A B sin B= rr Sine law. Two solutions if b>a 
C C=180°— (A+B) A+B4+0=180° 
asin C : 
c S| Sine law 
asin C 
a, b, CG A tan tamer ‘es 7p" 
B B=180°—(A+(C) A+ B+C=180° 
asin C : 
c Cad Sine law 
ale b jp Sing lew 
sin A 
C C=180°—(A+B) A+B+0C=180° 
a sin C , 
| c =" aay Sine law 


TABLE 042a. Formulas for solving oblique plane triangles. 


B 


A 


Ficure 042b. Parts of a right spher- 
ical triangle as used in Napier’s 
rules. 
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Ficure O42c. Diagram for Napier’s rules. 


Right spherical triangles can be solved with the aid of Napier’s rules, devised by 
John Napier. If the right angle is omitted, the triangle has five parts: two angles and 
three sides, as shown in figure 042b. The triangle can be solved if any two parts 
are known. If the two sides forming the right angle, and the complements of the other 
three parts are used, these elements (called “‘parts’’ in the rules) can be arranged in 
five sectors of a circle in the same order in which they occur in the triangle, as shown 
in figure 042c. Considering any part as the middle part, the two parts nearest it 
in the diagram are considered the adjacent parts, and the two farthest from it the 
opposite parts. The rules are: 

The sine of a middle part equals the product of (1) the tangents of the adjacent parts 
or (2) the cosines of the opposite parts. 

In the use of these rules, the co function of a complement can be given as the 
function of the element. Thus, the cosine of co-A is the same as the sine of A. From 
these rules the following formulas can be derived: 


sin a=tan 6 cot B=sin c’sin A 
sin b>=tan a cot A=sin c sin B 
cos c=cot A cot B=cos a cos b 
cos A=tan b cot c=cos a sin B 
cos B=tan a cot c=cos 6 sin A. 


The following rules apply: 

1. An oblique angle and the side opposite are in the same quadrant. 

2. Side c (the hypotenuse) is less than 90° when a and 6 are in the same quadrant, 
and more than 90° when a and 6 are in different quadrants. 

If the known parts are an angle and its opposite side, two solutions are possible. 

A quadrantal spherical triangle is one having one side of 90°. A biquadrantal 
spherical triangle has two sides of 90°. A triquadrantal spherical triangle has three 
sides of 90°. A biquadrantal spherical triangle is isosceles and has two right angles 
opposite the 90° sides. A triquadrantal spherical triangle is equilateral, has three right 
angles, and bounds an octant (one-eighth) of the surface of the sphere. A quadrantal 
spherical triangle can be solved by Napier’s rules provided any two elements in addition 
to the 90° side are known. The 90° side is omitted and the other parts are arranged 
in order in a five-sectored circle, using the complements of the three parts farthest from 
the 90° side. In the case of a quadrantal triangle, rule 1 above is used, and rule 2 
restated: angle C (the angle opposite the side of 90°) is more than 90° when A and B are 
in the same quadrant, and less than 90° when A and B are in different quadrants. If the 
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rule requires an angle of more than 90° and the solution produces an angle of less than 
90°, subtract the solved angle from 180°. 


Oblique spherical triangles. 


An oblique spherical triangle can be solved by 


dropping a perpendicular from one of the apexes to the opposite side, extended if neces- 


sary, to form two right spherical triangles. 


formulas, reassigning the letters as necessary. 


It can also be solved by the following 


Known 


a, b, ¢ 


CA, 


a,b, A 


Cea 


To find 


A 


Formula 


hav a—hav (b—c) 
sin 6 sin c 


hav A= 


—cos S cos (S—A) 


hav a= : : 
sin B sin C 


hav c=hav (a~b)+sin a sin 6 hav C 


_ sin D tan C 
y eqnctrs)) 
nes pase C sin } 
sin ¢ 


cos C=sin A sin B cosc—cos A cos B 


tan c sin H 


tan o sin (B+ E) 
a p— tan cesin F 
asin (A+F) 

: cos a sin G 
sin (e+ hee pees ore 
os pasa A sin } 

sin a 


sin (C+-H)=sin H tan b cot a 


: cos A sin K 
sin (Ce aR oi 
eo p—S12 asin B 

sin A 


sin (c—M)=cot A tan B sin M 


Comments 


S=% (A+B+C) 


tan D=tan a cos C 


tan H=tan A cos c 


tan F=tan B cosc 


cot G=cos A tan b 
Two solutions 


Two solutions 


tan H=tan A cos b 


Two solutions 


cot K=tan B cos a 
Two solutions 


Two solutions 


tan M=cos B tan a 


Two solutions 


TasLe 042b. Formulas for solving oblique spherical triangles. 
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Calculus 


043. Definitions.—Calculus is that branch of mathematics dealing with the rate 
of change of one quantity with respect to another. 

A constant is a quantity which does not change. If a vessel is making good a 
course of 090°, the latitude does not change and is therefore a constant. 

A variable, where continuous, is a quantity which can have an infinite number of 
values, although there may be limits to the maximum and minimum. Thus, from lati- 
tude 30° to latitude 31° there are an infinite number of latitudes, if infinitesimally small 
units are taken, but no value is less than 30° nor more than 31°. If two variables are 
so related that for every value of one there is a corresponding value of the other, one of 
the values is known as a function of the other. Thus, if speed is constant, the distance 
a vessel steams depends upon the elapsed time. Since elapsed time does not depend 
upon any other quantity, it is called an independent variable. The distance depends 
upon the elapsed time, and therefore is called a dependent variable. If it is required 
to find the time needed to travel any given distance at constant speed, distance is the 
independent variable and time is the dependent variable. 

The principal processes of calculus are differentiation and integration. 

044. Differentiation is the process of finding the rate of change of one variable 
with respect to another. If x is an independent variable, y is a dependent variable, and 
y is a function of z, this relationship may be written y=f (x). Since for every value of 
z there is a corresponding value of y, the relationship can be plotted as a curve, figure 
044. In this figure, A and B are any two points on the curve, a short distance apart. 


Mf 


Ficure 044. Differentiation. 


The difference between the value of x at A and at B is Az (delta x), and the correspond- 
ing difference in the value of y is Ay (delta y). The straight line through points A and 
B is a secant of the curve (art. 030). It represents the rate of change between A and 
B, for anywhere along this line the change of y is proportional to the change of z. 
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As B moves closer to A, as shown at B’, both Az and Ay become smaller, but at a 
different rate, and a changes. This is indicated by the difference in the slope of the 


secant. Also, that part of the secant between A and B moves closer to the curve and 
becomes a better approximation of it. The limiting case occurs when B reaches A or 
is at an infinitesimal distance from it. As the distance becomes infinitesimal, both Ay 
and Az become infinitely small, and are designated dy and dz, respectively. The straight 
line becomes tangent to the curve, and represents the rate of change, or slope, of the 
curve at that point. This is indicated by the expression rt called the derivative of y 
with respect to z. 

The process of finding the value of the derivative is called differentiation. It 
depends upon the ability to connect x and y by an equation. For instance, if yz”, 
Onan If n=2, y=2’, and on, This is derived as follows: If point A on the 
curve isz, y; point B can be considered z+ Az, y+ Ay. Since the relation y=2? is true 
anywhere on the curve, at B: 


y+ Ay= (a+ Azx)?=2?+ 2rAx+ (Az)?. 


Since y=z’, and equal quantities can be subtracted from both sides of an equation 
without destroying the equality: 


Ay=2zAz-+ (Az)?. 


Dividing by Az: AY 22+ Ag. 


As B approaches A, Az becomes infinitesimally small, approaching 0 as a limit. There- 
fore = approaches 22 as a limit. 

This can be demonstrated by means of a numerical example. Let y=z?. Suppose 
at A, r=2 and y=4, and at B, x=2.1 and y=4.41. In this case Ar—0.1 and Ay= 
0.41, and 

Ay_0.41__ 
NGEOSE = 
From the other side of the equation: 


4.1. 


274+ Ar=2X2+0.1=4.1. 


If Az is 0.01 and Ay is 0.0401, ql=4.01. If Az is 0.001, = 4.001; and if Az is 0.0001, 
A eee : : 
A= 4.0001. As Az approaches 0 as a limit, su approaches 4, which is therefore the 


d ‘ ; . ; 
value ae Therefore, at point A the rate of change of y with respect to z is 4, or y is 


increasing in value 4 times as fast as zx. 

An example of the use of differentiation in navigation is the Ad value in H.O. 
Pub. No. 214. This is the change of altitude for a change of 1’ of declination. In this 
case, declination is the independent variable, altitude is the dependent variable, and 
both meridian angle (H.A.) and latitude are constants. The rate of change at the 
tabulated value is desired, so that the table can be entered with the nearest tabulated 
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value of declination, and interpolation performed in either direction (either larger or 
smaller values of declination). 

045. Integration is the inverse of differentiation. Unlike the latter, however, it 
is not a direct process, but involves the recognition of a mathematical expression as 
the differential of a known function. The function sought is the integral of the given 
expression. Most functions can be differentiated, but many cannot be integrated. 

Integration can be considered the summation of an infinite number of infinitesimally 
small quantities, between specified limits. Consider, for instance, the problem of finding 
an area below a specified part of a curve for which a mathematical expression can be 


y. 


A D 


Figure 045. Integration. 


written. Suppose it is desired to find the area ABCD of figure 045. If vertical lines 
are drawn dividing the area into a number of vertical strips, each Az wide, and if y 
is the height of each strip at the midpoint of Az, the area of each strip is approximately 
yAz; and the approximate total area of all strips is the sum of the areas of the indi- 


x2 
vidual strips. This may be written >) yAz, meaning the sum of all yAz values between 
Z1 


z, and 2. Thesymbol >> is the Greek letter sigma, the equivalent of the English S. 

If Az is made progressively smaller, the sum of the small areas becomes ever closer to 

the true total area. If Ax becomes infinitely small, the summation expression is written 

i. ydz, the symbol dz denoting an infinitely small Az. The symbol ], called the 
7 

‘integral sign,” is a distorted S. 


An expression such as ibe ydz is called a definite integral because limits are 
a 


specified (2, and x). If limits are not specified, as in J yae, the expression is called 


an indefinite integral. 

A navigational application of integration is the finding of meridional parts, table 5. 
The rate of change of meridional parts with respect to latitude changes progressively. 
The formula given in the explanation of the table is the equivalent of an integral repre- 
senting the sum of the meridional parts from the equator to any given latitude. 
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046. Differential equations.—An expression such as dy or dz is called a differential. 
An equation involving a differential or a derivative is called a differential equation. 

As shown in article 044, if y=2?, a =2z. Neither dy nor dz is a finite quantity, 
but both are limits to which Ay and Az approach as they are made progressively smaller. 
Therefore 2 is merely a ratio, the limiting value of a and not one finite number 


divided by another. However, since the ratio is the same as would be obtained by 
using finite quantities, it is possible to use the two differentials dy and dz independently 
in certain relationships. Differential equations involve such relationships. 


APPENDIX P 
INTERPOLATION 


P1. Introduction.—If one quantity varies with changing values of a second 
quantity, and the mathematical relationship of the two is known, a curve can be 
drawn to represent the values of one corresponding to various values of the other. 
To find the value of either quantity corresponding to a given value of the other, one 
finds that point on the curve defined by the given value, and reads the answer on the 
scale relating to the other quantity. This assumes, of course, that for each value of 
one quantity, there is only one value of the other quantity. 

Information of this kind can also be tabulated. Each entry represents one point 
on the curve. The finding of a value between tabulated entries is called interpolation. 
The extending of tabulated values to find values beyond the limits of the table is called 
extrapolation. 

Thus, the Nautical Almanac tabulates values of declination of the sun for each 
hour of Greenwich mean time. The finding of declination for a time between two 
whole hours requires interpolation. Since there is only one entering argument (in this 
case GMT), single interpolation is involved. 

Table 19 gives the distance traveled in various times at certain speeds. In this 
table there are two entering arguments. If both given values are between tabulated 
values, double interpolation is needed. 

In H.O. Pub. No. 214, azimuth angle varies with a change in any of the three 
variables latitude, declination, and meridian angle. With intermediate values of all 
three, triple interpolation is needed. 

Interpolation can sometimes be avoided. A table having a single entering argu- 
ment can be arranged as a critical table. An example is the dip (height of eye) correc- 
tion on the inside front cover of the Nautical Almanac. In such a table limiting values 
of the entering argument are given. Another way of avoiding interpolation would be 
to include every possible entering argument. If this were done for H.O. Pub. No. 214, 
interpolation being eliminated for declination only, and assuming declination values 
to 0/1, the number of volumes would be increased from nine to more than 5,000. Lf 
interpolation for meridian angle and latitude, to 0/1, were also to be avoided, a total 
of more than 1,800,000,000 volumes would be needed. A more practical method is 
to select an assumed position to avoid the need for interpolation for two of the vari- 
ables. For stars, which change declination slowly, interpolation for the third argu- 
ment can be avoided by using values for the declination of each body in the prepara- 
tion of the table, as in H.O. Pub. No. 249, volume I. Another way of avoiding inter- 
polation is to portray the information graphically. Still another way is to solve the 
appropriate equation each time a value is needed. 

Notwithstanding all these available devices, the need for interpolation is frequently 
encountered in navigation. The person who thoroughly understands it is least likely 
to make mistakes in its use. 

P2. Single interpolation.—The accurate determination of intermediate values 
requires knowledge of the nature of the change between tabulated values. The simplest 
relationship is linear, the change in the tabulated value being directly proportional to 
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the change in the entering argument. Thus, if a vessel is proceeding at 15 knots, the 
distance traveled is directly proportional to the time, as shown in figure P2a. The 


same information might.be given in tabular form, as shown in table P2a. Mathemat- 
15t t  , : : : 
ically, this relationship is written D=% = where D is distance in nautical miles, and 
t is time in minutes. 
In such a table, interpolation can be accomplished by simple proportion. Suppose, 
for example, that the distance is desired for a time of 15 minutes. It will be some 


Minutes | Miles 

o 
= 0 0.0 
4 1.0 
= 8 2.0 
8 12 3.0 
Z 16 4.0 
5 20 5.0 
P 24 6.0 
28 Ze) 
32 8.0 


TABLE P2a. Table of 
TIME IN MINUTES IDE 


ho 


t 
Ficure P2a. Plot of D=7: 


value between 3.0 and 4.0 miles, because these are the distances for 12 and 16 min- 
utes, respectively, the tabulated times on each side of the desired time. The propor- 
tion might be formed as follows: 


12 20) 
3 ap 
15|4 y |1.0 
16 4.0 
nent 
4 1.0 
1.0 ? 
ee SUL O (0.8 to nearest 0.1 mi.) 


y=3.0+7=3.0+0.8=3.8 mi. 


A simple interpolation such as this should be performed mentally. During the 
four-minute interval between 12 and 16 minutes, the distance increases 1.0 mile from 
3.0 to 4.0 miles. At 15 minutes, % of the interval has elapsed, and so the distance 
increases % of 1.0 mile, or 0.75 mile, and is therefore 3.0+0.8=3.8, to the nearest 
0.1 mile. 
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This might also have been performed by starting with 16 minutes, as follows: 


Le 3.0 
15|4 losaataed 
1 (—)z 
16 4.0 
dan EAE 
4st 


x=(—)0.25 (—0.2 to the nearest 0.1 mi.) 
y=4.0—-0.2=3.8 


Mentally, 15 is one quarter of the way from 16 to 12, and therefore the distance is 4 
the way between 4.0 and 3.0, or 3.8. 
This interpolation might have been performed by noting that if distance changes 


1.0 mile in four minutes, it must change +7=0.1 mile in a=04 minute, or 24 seconds. 


This relationship can be used for mental interpolation in situations which might seem 
to require pencil and paper. Thus, if distance to the nearest 0.1 mile is desired for 
13™15°, the answer is 3.3 miles, determined as follows: The time 13™15° is 1™15° (1%2 
approx.) more than 12™. If 1.2 is divided by 0.4, the quotient is 3, to the nearest whole 
number. Therefore, 3X0.1=0.3 is added to 3, the tabulated value for 12 minutes. 
Alternatively, 13"15° is 2™45° (2"8 approx.) less than 16", and 2.8+0.4=7, and 
therefore the interpolated value is 7X0.1=0.7 less than 4, the tabulated value for 
16". In either case, the interpolated value is 3.3 miles. 

A common mistake in single interpolation is to apply the correction (x) with the 
wrong sign, particularly when it should be negative (—). This mistake can be avoided 
by always checking to be certain that the interpolated value lies between the two 
values used in the interpolation. 

When the curve representing the values of a table is a straight line, as in figure 
P2a, the process of finding intermediate values in the manner described above is called 
linear interpolation. If tabulated values of such a line are exact (not approximations), 
as in table P2a, the interpolation can be carried to any degree of precision without 


nee , . F ‘ 1.5 ; 
sacrificing accuracy. Thus, in 21.5 minutes the distance is 5.0+-—7- x 1.0=5.375 miles. 


na ia’ ‘ 4 : 1.9364 5 
Similarly, for 29.9364 minutes the distance is 7.0+ <1.0=7.4841 miles, a value 


which has little or no significance in practical navigation. If one had occasion to find 
such a value, it could most easily be done by dividing the time, in minutes, by 4, since 
the distance increases at the rate of one mile each four minutes. This would be a case 
of avoiding interpolation by solving the equation connecting the two quantities. For 
a simple relationship such as that involved here, such a solution might be easier than 
interpolation. 

Many of the tables of navigation are not linear. Consider figure P2b. From 
table 29 it is found that for latitude 25° and declination 8°, same name, the variation 
of altitude in one minute of time from meridian transit (the altitude factor) is 6”0 
(0/1). Fora limited angular distance on each side of the celestial meridian, the change 
in altitude is approximately equal to at”, where a is the altitude factor (from table 29) 
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and t is the time in minutes from meridian transit. Figure P2b is the plot of change in 
altitude against time. The same information is shown in tabular form in table P2b. 

To be strictly accurate in interpolating in such a table, one should consider the 
curvature of the line. However, in most navigational tables the points on the curve 
selected for tabulation are sufficiently close that the portion of the curve between 
entries can be considered a straight line without. introducing a significant error. 
This is similar to considering the line of position from a celestial observation as a 
part of the circle of equal altitude. Thus, to the nearest 0/1, the change of altitude 
for 3.4 minutes is 0'9+(0.4X0'7)=0'9+0!/3=1/2. The correct value by solution 
of the formula is 1/156. The value for 6.8 minutes is 4/6 by interpolation and 4/624 
by computation. 

If the direction of curvature of the curve changes between entering arguments, 
an erroneous result might be obtained. Thus, in H.O. Pub. No. 214, the tabulated 
altitude for latitude 53° and meridian angle 0° is 89°30/0 for declination 52°30’ 
same name, and 89°00‘0 for declination 54°00’ same name, the next entry. By 


N 


Min- | Altitude 
utes change 


fe) 


a 


e- 


Ww 


Ls) 


CHANGE IN ALTITUDE IN MINUTES 


WNAARWNHO 
Re hs ooo. 
RORMMRMORHO 


TABLE P2b. Table of 
altitude change=at?, 


Ficure P2b. Plot of altitude change=at?. where a=0°1 


TIME IN MINUTES 


linear interpolation for declination 53° same name the altitude is 89°200. The correct 
value is 90°00/0. Between declination 52°30’ and 53°00’ the altitude increases to 
90°00‘0 and then decreases as declination increases. Such instances are infrequent in 
navigation, and generally occur at a part of the table that is not commonly used, or for 
which special provisions are made. 

P3. Double interpolation.—In a double-entry table it may be necessary to inter- 
polate for each entering argument. Table P3a is an 
extract from table 27 (amplitudes). If one entering 
argument is an exact tabulated value, the amplitude 


Declination 


Lat. can be found by single interpolation. For instance, if 
21-5 22°0 latitude is 45° and declination is 21°8, amplitude is 
3 ; : 
3122+( 5X 0%8 )=31°2-+0°5—3197. However, if nei- 
° ° ce) 


ther entering argument is a tabulated value, double 
interpolation is needed. This may be accomplished 
in any of several ways: 


45 31.2 32. 0 
46 31.8 32. 6 


TaBLE P3a. Excerpts from 
amplitude table. 
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i. “Horizontal” method. Use single interpolation for declination for each tabulated 
value of latitude, followed by single interpolation for latitude. Suppose latitude is 


45°7 and declination is 21°8. First, find the amplitude for latitude 45°, declination 
21°8, as above, 31°7. Next, repeat the process for latitude 46°: 3128+(2x0°8 )= 


32°3. Finally, interpolate between 31°7 and 32°3 for latitude 45°7: 31°7+(0.7X 
0°6)=32°1. This is the equivalent of first inserting a new column for declination 
21°8, followed by single interpolation in this column, as shown in table P3b. 
Declination Declination 
Lat. Lat. 
2155: 21°8 22°0 2125 LESS 22°0 
° ° ° fe} ° fe} ° ° i 

45 alee 31.7 32.0 45 31.2 32. 0 

SOOT 32.1 45.7 31.6 32.1 82. 4 

46 31.8 82.3 32.6 46 31.8 32. 6 

Taste P3b. “Horizontal” method of double Taste P3c. ‘Vertical’? method of double 
interpolation. interpolation. 


2. “Vertical”? method. Use single interpolation for latitude for each tabulated 
value of declination, followed by single interpolation for declination. Consider the 
same example as above. First, find the amplitude for declination 21°5, latitude 
45°7:31°2+(0°7X0°6) =31°6. Next, repeat the process for declination 22°0: 
32°0-+ (0°7 X0°6) =32°4. Finally, interpolate between 31°6 and 32°4 for declina- 


tion 21%8:31%6-+($x 0°8)=321. This is the equivalent of first inserting a new line 


for latitude 45°7, followed by single interpolation in this line, as shown in table P3c. 

3. Combined method. Select a tabulated “base” value, preferably that nearest the 
given tabulated entering arguments. Next, find the correction to be applied, with its 
sign, for single interpolation of this base value both horizontally and vertically. Finally, 
add these two corrections algebraically and apply the result, in accordance with its 
sign, to the base value. In the example given above, the base value is 32°6, for declina- 
tion 22°0 (21°8 is nearer 22°0 than 21°5) and latitude 46° (45°7 is nearer 46° than 45°). 


The correction for declination is 5X (—)0°8=(—)0°3. The correction for latitude is 


0°3 (—) 0°6=(—)0°2. The algebraic sum is (—)0°3+(—)0°2=(—)0°5. The in- 
terpolated value is then 32°6—0°5=32°1. ‘This is the method customarily used by 
navigators. 

P4. Triple interpolation—With three entering arguments, the process is similar 
to that for double interpolation. It would be possible to perform double interpolation 
for the tabulated value on each side of the given value of one argument, and then 
interpolate for that argument, but the method would be tedious. The only method 
commonly used by navigators is that of selecting a base value and applying corrections. 
Suppose, for instance, that the azimuth angle is desired for latitude 41°3, declination 
21°9 contrary name, meridian angle 16°6 using H.O. Pub. No. 214. The base value 
(lat. 41°, dec. 22°, t 17°) is 162°6. The corrections are 


lat. 41°3: 0.38 X (+) 0°1= 0°0 
dec. 21°9: 0.2 X (—) 0° 1= 0°0 
t  16°6: 0.4 x (—) 1°0=(—) 0°4 

Total (—) 04. 
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The triple interpolated value is 162°6—0°4=162°2. A convenient navigational 
form for solving this problem is shown in article 2007 and appendix Q. 

P5. Interpolation tables.—A number of frequently used navigation tables are pro- 
vided with auxiliary tables to assist in interpolation. Table 32 (Logarithms of Num- 
bers) provides columns of “d” (difference between consecutive entries) and auxiliary 
“proportional parts” tables. The auxiliary table for the applicable difference “d” is 
selected and entered with the digit of the additional place in the entering argument. 
The value taken from the auxiliary table is added to the base value for the next smaller 
number from the main table. Suppose the logarithm (mantissa) for 32747 is desired. 
The base value for 3274 is 51508, and “‘d” is 13. The auxiliary table for 13 is entered 
with 7, and the correction is found to be 9. If this is added to 51508, the interpolated 
value is found to be 51517. This is the same result that would be obtained by sub- 
tracting 51508 from 51521 (the logarithm for 3275) to obtain 13, multiplying this by 
0.7, and adding the result (9) to 51508. 

Tables 31 and 33 provide the difference between consecutive entries, but no pro- 
portional parts tables. 

In H.O. Pub. No. 214, Ad and At values are given, with “multiplication tables’’ 
to make the correction. The use of these tables is explained in chapter XX. The Ad 
of H.O. Pub. No. 249 (vols. II, ITI) is similar, except that a sign is given and interpola- 
tion is always made from the tabulated value of declination next smaller than the given 
value. This table is explained in chapter XXI. 

The Nautical Almanac ‘Increments and Corrections” are interpolation tables for 
the hourly entries of GHA and declination. The use of these tables and the interpola- 
tion tables of the Air Almanac is explained in chapter XVIII. 

The method of table 3 of using additional decimal places is still another form of 
interpolation. 

P6. Extrapolation.—The extending of a table is usually performed by assuming 
that the difference between the last few tabulated entries will continue at the same 
rate. This assumption is strictly correct only if the change is truly linear, but in most 
tables the assumption provides satisfactory results for a slight extension beyond tabu- 
lated values. The extent to which the assumption can be used reliably can often be 
determined by noting the last few differences. If the “second differences’’ (differences 
between consecutive differences) are nearly zero, the curve is nearly a straight line, 
for a short distance. But if consecutive second differences are appreciable, extrapola- 
tion is not reliable. For examples of linear and nonlinear relationships, refer to the 
first page of table 33 and compare the tabulated differences of the logarithms of secant 
(approximately linear on this page) and sine (nonlinear on this page). 

As an example of extrapolation, consider table 27. Suppose the amplitude for lati- 
tude 45°, declination 24°3 is desired. The last declination entry is 24°0. The amplitude 
for declination 23°5 is 34°3, and for declination 24°0 it is 35°1. The difference is (+) 
0°8. Assuming this same difference between declinations 24°0 and 24°5, one finds 


On: ° 3 fo) ) : . s 
the value for 24°3 is 35° 1+(5x0%8 )—=35%6. Below latitude 50° this table is so nearly 


linear that extrapolation can be carried to declination 30° without serious error. 

For double or triple extrapolation, differences are found as in single interpolation. 

P7. General comments.—As a general rule, the final answer should not be given 
to greater precision thart tabulated values. A notable exception to this rule is the 
case where tabulated values are known to be exact, as in table P2a. A slight increase 
in accuracy can sometimes be attained by retaining one additional place in the solution 
until the final answer. Suppose, for instance, that the corrections for triple interpola- 
tion are (+)0.2, (+)0.3, and (—)0.3.. The total correction is (+)0.2. If the total 
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correction, rounded to tenths, had been obtained from the sum of (+)0.17, (+) 0.26, 
and (—)0.34, the correct total would have been (+)0.09=(+)0.1. The retaining of 
one additional place may be critical if the correction factors end in 0.5. Thus, in 
double interpolation, one correction value might be (+)0.15, and the other (—)0.25. 
The correct total is (—)0.1. But if the individual differences are rounded to (+) 0.2 
and (—)0.2, the total is 0.0. 

The difference used for establishing the proportion is also a matter subject to 
some judgment. Thus, if the latitude is 17°14/6, it might be rounded to 17°2 for 
many purposes. Slightly more accurate results can sometimes be obtained by retain- 


‘ ; ely Be : 
ing the minutes, using 60. instead of 0.2. If the difference to be multiplied by this 


proportion is small, the increase in accuracy gained by using the more exact value is 
small, but if the difference is large, the gain might be considerable. Thus, if the 


difference is 0°2, the correction by using either — or 0.2 is less than 0°05, or 0°0 to 


; ; i 14.6 . 
the nearest 0°1. But if the difference is 3°2, the value by = is 0°8, and the value 


by 0.2 is 0°6. 

If the tabulated entries involved in an interpolation are all positive or all negative, 
the interpolation can be carried out on either a numerical or an algebraic basis. Most 
navigators prefer the former, carrying out the interpolation as if all entries were posi- 
tive, and giving to the interpolated value the common sign of all entries. When both 
positive and negative entries are involved, all differences and corrections should be 
on an algebraic basis, and careful attention should be given to signs. Thus, if single 
interpolation is to be performed between values of (+)0.9 and (—)0.4, the difference 
is 0.9— (—0.4)=0.9+0.4=1.3. If the correction is 0.2 of this difference, it is (—)0.3 
if applied to (+)0.9, and (+)0.3 if applied to (—)0.4. In the first case, the inter- 
polated value is (+)0.9—0.3=(+)0.6. In the second case, it is (—)0.4+0.3= 
(—)0.1. If the correction had been 0.4 of the difference, it would have been (—)0.5 
in the first case, and (+)0.5 in the second. The interpolated value would have been 
(+)0.9—0.5=(+)0.4, or (—)0.4+0.5=(+)0.1, respectively. 

With practice, much of the interpolation used in navigation can be performed 
mentally, and is not customarily shown in the work forms. Notable exceptions are 
the interpolation for GHA and declination in the almanacs, and interpolation for dec- 
lination (and meridian angle and latitude, if used) in H.O. Pub. No. 214. 

Because of the variety in methods of interpolation used, solutions by different 
persons may differ slightly. 


APPENDIX Q 
WORK FORMS 


The use of standard work forms reduces the probability of mistakes, by relieving 
the mind of details taken care of in the forms. It also provides a permanent record 
that can be checked, and that improves the appearance of the navigator’s work book. 
The best forms to use are those which seem easiest, and provide a solution with the 
least probability of mistakes. The forms used throughout this book have been found 
effective in teaching navigation. The more commonly used ones are repeated on the 
following pages. 

The individual navigator may wish to develop his own forms to reflect his own 
personal preferences. If the addition of a line or label, or the shifting of position of 
some part of a form assists in the avoidance of mistakes, or makes the solution seem 
easier, it serves a useful purpose. The mere changing for the sake of change, on the 
other hand, may encourage mistakes. The forms of this book are the result of consider- 
able thought and the application of logic. The new navigator would do well to start 
with them, making changes only as the need arises. 

The principal change sometimes made is the placing of a sight reduction form in a 
single column so that several observations can be solved in parallel columns. Methods 
such as H.O. Pub. No. 214 (Ad only) and H.O. Pub. No. 249 lend themselves readily 
to this type solution. A solution by cosine-haversine formula and some of the “short” 
methods of chapter XXI do not. 

In these forms, and throughout the book, the standard abbreviations and 
symbols of appendix A are used. 

The best use of a form is to first copy the entire form, then fill in all given or known 
information, and then proceed with the solution. 

In the forms, entries such as “NS” or “TA” are given to indicate that a label is 
needed. Only the applicable label should be used. Where “Local date” or “Gr. 
date” appears, the actual date should be used. Zeros are used to indicate the units 
to use and, in general, the number of places that should be used. The numbers given 
in parentheses are article numbers where an example is given of the solution of a 
problem by the use of the form or forms. 
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Mercator Sailing (art. 817) 
Course and distance by computation: 
L, 00°00'/0 NS M, 0000.0 1 000°00'0 EW 
L, 00°00/0 NS M, 0000.0 Ag 00°00/0 EW 
1 0°00/0 NS m 000.0 DLo 00°00/0 EW 
LZ 0000/0 NS DLo 0000/0 EW 
DLo 0000/0 EW log 0.00000 
m 000.0 log (—)0.00000 
C NS 00°00/0 EW / tan 0.00000 lL sec 0.00000 
l 000‘0 NS log 0.00000 
D 0000.0 mi. log 0.00000 
Cn 000°0 
Course and distance by traverse table: 
L, 00°00/0 NS M, 0000.0 », 000°00/0 EW 
L, 00°00/0 NS M, 0000.0 »» 00°00/0 EW 
Z 0°00/0 NS m_ 000.0 DLo 00°00!0 EW 
L 0000/0 NS DLo 0000/0 EW 
DLo 0000/0 EW log 0.00000 l D (000°) D (000°) 
m 000.0 log (—)0.00000 000.0 000.0 000.0 
DLo+-m 0. 000 log 0.00000 00.0 000.0 000.0 
C NS00°0 EW 0.0 00.0 00.0 
Cn 000°0 0.0 0.0 0.0 
D 0000.0 mi. 000.0 000.0 000.0 
Great-circle Sailing (art. 822) 
Course and distance: 
, 000°00/0 EW D 000°00/0 
2 000°00/0 EW coL, 00°00/0 
DLo 000°00/0 EW 7 hav 0.00000 D~colL, 00°00/0 
L, 00°00!0 NS J cos 0.00000 lsec 0.00000 
L, 00°00!0 NS J cos 0.00000 
OEE EES l hav 0.00000 n hav 0.00000 
lt 00°00/0 NS n hav 0.00000 
D 000°00/0 n hav 0.00000 lLese 0.00000 
coL, 00°00!0 n hav 0.00000 
D~coL, 00°00/0 n hay (—) 0.00000 
n hav 0.00000 lhav 0.00000 
Cn 000°0 C NS 00°00/0 EW Lhav 0.00000 
D 0000.0 mi. 
Vertex: 
Ly 00°00/0 NS 1 cos 0.00000 Lcos 0.00000 
C NS 00°00/0 EW l sin 0.00000 1 cos 0.00000 
1; 00°00/0 NS l cos 0.00000 l esc 0.00000 
» 000°00/0 EW ~— DLo, 00°00!0 EW 1 sin 0.00000 Lsin 0.00000 
D, 00°00/0 Lsin 0.00000 
D, 0000.0 mi. 
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Points along the great circle: 


DLo,z 00°00/0 00°00°0 00°00°0 00°00/0 00°00/0 
Lcos DLo,z 0. 00000 0. 00000 0. 00000 0. 00000 0. 00000 
Itan L, 0.00000 0. 00000 0. 00000 0. 00000 0. 00000 
Itan L, 0.00000 0. 00000 0. 00000 0. 00000 0. 00000 


L, 00°00'0NS 00°00‘0NS 00°00’'0NS 00°00/0NS 00°00/0NS 
+ 000°00'0EW 000°00‘/0EW 000°00‘0EW 000°00‘/0EW 000°00‘/0EW 
Ax 000°00'0EW 000°00‘0EW 000°00‘0EW 000°00/0EW 000°00‘0EW 


> 


Correction of Sextant Altitude (arts. 1628-1632) 


Solution by Nautical Almanac: Jupiter, Saturn 


Sun LL Moon UL Venus, Mars Star 
oo go) = eG +V,M — +JI,S%- 
IC 0/0 IC 0/0 IC 0/0 IC 0/0 
D 0/0 D 0/0 D 0/0 D 0/0 
© 00/0 Cc 00/0 w-P 0/0 w-P 0‘0 
sum 00‘/0 0/0 U 670 add’l 0/0 sum 0/0 0/0 
corr. (+)0'0  add’l 30/0 sum 0/0 0/0 corr. (+) 0/0 
hs 00°00‘0 sum 00/0 00/0 corr. (+) 0/0 hs 00°00! 


Ho 00°00‘0 corr. (+) 00‘0 hs 00°00/0 Ho 00°00!0 
hs 00°00/0 Ho 00°00'0 
Ho 00°00'0 
Solution by Air Almanac: 


Sun UL Moon LL Planet, Star 
or sonar cs tana ears thin) se A 1 

TC a0? IC 0’ IC_0’ 

D 0’ D 0’ D 0’ 

R 0’ R 0’ R 0’ 

SD 00’ SD 00’ sum 0’ 0’ 
sum 0’ 00’ P 00’ corr. Vaz) Us 
corr. (+) 00’ sum 00’ 0’ hs 00°00’ 

hs 00°00’ corr. (+) 00’ Ho 00°00’ 

Ho 00°00’ hs 00°00’ 

Ho 00°00’ 
Low altitude observation, sun: 
Nautical Almanac Tables 23, 24 Air Almanac 
+ Q@ — ie oe eee 

IC 0/0 IC 0/0 IC 3G" 

D 0/0 D 0/0 D 0’ 
sum 0/0 L036 sum 0/0 0/0 sum 0’ 0’ 
corr. (+)0/0 corr. (+)0/0 corr. (+)0’ 

hs 0°00/0 hs 0°00/0 hs 0°00’ 

hr 0°00/0 hr 0°00/0 hr 0°00’ 

Q 00/0 © 00/0 R 00’ 

TB 0/0 i020 Ber0’ 
sum 0/0 0/0 B 0/0 SD 00’ 
corr. (+)0/0 sum 00/0 00/0 sum 00’ — 00’ 

hr 0°00/0 corr.  (+)00/0 corr.’ = U() 007 

Ho 0°00/0 hr 0°00/0 hr 0°00’ 

Ho 0°00 Ho 0°00" 


Note: Some corrections may be either (+) or (—). See text if in doubt. 
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Sight Reduction by H.O. Pub. No. 214 (art. 2008) 


Solution by Ad only and Nautical Almanac, sun observation: 


Local date Sun + Q — 
GMT 005007008 Gr. date 00° 00°00/0NS d IC 0/0 
00" 00°00/0 corr. (+)0/0 (+)0 D 0/0 
00™00° 0°00/0 d 00°00‘/0NS © 00/0 
GHA  00°00/0 sum 00/0 0/0 
any 00°00':0 KW corr. (+)00/0 
LHA  00°00/0 hs 00°00/0 
t 00°00/0 KW Ho 00°00/0 
d 00°00/0NS d diff. 0/0 
aL 00°00’‘0NS Z NS 000°0 EW 
ht 00°00/0 Ad (+) 0.00 
corr. (+)0/0 
He 00°00/0 
Ho 00°00/0 
a 0.0TA aL 00°00/0NS 
Zn 000°0 ar 00°00/0 EW 


Sight Reduction by H.O. Pub. No. 249 (art. 2113) 


Solution by volume I and Air Almanac: 


Local date Name of star + + —- 
GMT 00°00™00° Gr. date (On 
00°00" 000°00’ D 0’ 
0™00° 0°00’ R 0’ 
GHAT  000°00’ sum 0’ 0’ 
arn 000°00’ EW corr. (+) 0’ 
LHAT 000°00’ hs 00°00’ 
aL 00°00’ NS Ho 00°00’ 
He 00°00’ 
Ho 00°00’ 
a 00 TA aL 00°00’ NS 
Zn 000° an 00°00’ EW 
Solution by volume II or III and Air Almanac: 
Local date Name of body + P — 
GMT 00°00700° Gr. date IC 0’ 
00°00" 000°00’ D 0’ 
0™00° 0°00’ R 0’ 
GHA  000°00’ sum 0’ 0’ 
arn  000°00’ EW corr. (+) 0’ 
LHA  000°00’ hs 00°00’ 
d 00°00’ NS d diff. 00’ Ho 00°00’ 
aL 00°00’ NS 
ht 00°00’ “d” (+)00 Z NS000° EW 
corr. (+) 00’ 
He 00°00’ 
Ho 00°00’ 
a OTA aL 00°00’ NS 


Zn 000° ad 000°00’ EW 
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Sight Reduction by Cosine-Haversine Formula (art. 2109) 


Local date Name of body + ist oe 
GMT 00°00700° Gr. date IC 0/0 
00" 000°00/0 D 0/0 
007008 0°00/0 w-P 0/0 
SHA 000°00/0 sum 0/0 0/0 
GHA 000°00/0 corr. (£) 00 
arn 00°00'0 EW hs 00°00/0 
LHA 00°00/0 Ho 00°00/0 
t 00°00/0 EW lL hav 0. 00000 1 sin 0. 00000 
aL 00°00‘/0NS l cos 0. 00000 
d 00°00/0NS l cos 0. 00000 l cos 0. 00000 
ig ae l hav 0. 00000 n hav 0. 00000 
L~d_ 00°00/0 n hav 0. 00000 
z 00°00'0 n hav 0. 00000 
He 00°00/0 1 sec 0. 00000 
Ho 00°00/0 Z NS00°00/0 EW J sin 0. 00000 
a 0.0TA aL 00°00‘/0NS 
Zn 000°0 ar 00°00/0 EW 


Sight Reduction of Polaris Observation (art. 2105) 


Solution by Nautical Almanac 


Local date Polaris + y+ — 
GMT 00°00700° Gr. date + — IC 0/0 
00" 000°00/0 Ay 00/0 D 0/0 
00™00® 0°00/0 a, 0/0 w-P 0/0 
GHAYT 000°00/0 a, 0/0 sum — 0/0 
» 00°00'0 EW add’] 60/0 corr. (+) 0/0 
LHAY 000°00/0 sum 00‘'0 00/0 hs 00°00‘0 
Ho 00°00/0 corr. (+) 00/0 Ho 00°00!0 
corr. (+) 00/0 
L 00°00/0N 
Azimuth 
Solution by H.0. Pub. No. 214 (art. 2007): 
Local date 


GMT 00°00™008 Gr. date 
00" 000°00/0 
007005 0°00/0 
GHA 000°00/0 
anr 00°00‘0 EW 


LHA 000°00/0 Ht ma 
t 00°0 EW t diff. 0°0 Z diff. (+) 0°0 t corr. 0°0 
d 00°0NS d diff. 0°0 Z diff. (+) 0°0 d corr. 0°0 
L 00°0 NS L diff. 0°0 Z diff. (+) 0°0 L corr. 0°0 
tab. 000°0 sum 0°0 0°0 
corr. (+)0°0 corr. (ep 030 


Z NS000°0 EW 
Zn 000°0 
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Solution by H.O. Pub. No. 260 or H.O. Pub. No. 261 (art. 2126): 
Local date 


GMT 00500700* Gr. date 
00" 000°00/0 
007008 0°00‘0 
GHA _ 000°00‘0 
an 000°00!0 EW 
LHA 000°00/0 


t 00°00/0EW diff. for diff. corr. for + 
t 0°0070 EW 10™ (+) 00’ 070 
d 0°0NS 1° (+) 00’ 0°0 00’ 
L 00°0 NS ie (+) 00’ 0°0 00’ 
tab. 000°00’ sum 00’ 
corr. (+) 0°00’ corr. 
Z NS 000°00’ EW 
Zn 000°0 


Sunrise, Sunset, Twilight 


Solution by Nautical Almanac (arts. 1810, 1811): 


L 00°00/0 NS Local date 
» 000°00'0 EW 


Sunrise Sunset 
00°NS 0000 00°NS 0000 
TI (+) 00 TI (+) 00 
LMT 0000 LMT 0000 
dx (+)00 dx (+) 00 

ZT 0000 ZT 0000 
Twilight Twilight 
00°NS 0000 00°NS 0000 
TI (+) 00 TI (+) 00 
LMT 0000 LMT 0000 
dx (+)00 dx (+) 00 
ZT 0000 ZT 0000 


Solution by Air Almanac (art. 1811): 
L 00°00/0 NS_ Local date 


» 00°00/0 EW 

Sunrise Sunset 
00°NS 0000 00°NS 0000 
corr. (+) 00 corr. (+) 00 
LMT 0000 LMT 0000 
dx (+)00 dx (+) 00 

ZT 0000 (sunrise) ZT 0000 (sunset) 
dur. (—)00 dur. (+) 00 


ZT 0000 (twilight) ZT 0000 (twilight) 
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Moonrise, Moonset (art. 1812) 


Solution by Nautical Almanac: 


Moonrise 
00°NS 0000 Date 
TI (+)00 
LMT (G) 0000 Date 
00°NS 0000 Date 
TI (+)00 
LMT (G) 0000 Date 
LMT (G) 0000 Date 
diff. 00 
T II (+)00 
LMT (G) 0000 Date 
LMT 0000 Date 
dA (+)00 
ZT 0000 Date 


Solution by Air Almanac: 


Moonrise 

diff. (+)00 
00°NS 0000 
corr. (+)00 
LMT (G) 0000 
corr. (+)00 
LMT 0000 

dx (+)00 

ZT 0000 


L 00°00/0 NS Local date 


» 00°00/0 EW 
Moonset 
00°NS 0000 Date 
TI (+)00 
LMT (G) 0000 Date 
00° NS 0000 Date 
TI (+)00 
LMT (G) 0000 Date 
LMT (G) 0000 Date 
diff. 00 
T II (+)00 
LMT (G) 0000 Date 
LMT 0000 Date 
dA (+)00 


ZT 0000 Date 


L 00°00'0 NS Local date 
» 000°00/0 EW 

Moonset 
diff. (+)00 
00°NS 0000 
. (+)00 
0000 
. (+)00 
0000 
(+) 00 
0000 


ZT 
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APPENDIX S 
MARITIME POSITIONS 


With the 1958 edition, this appendix has been completely revised to reflect changes 
in United States Government approved names and to provide ready reference to sources 
of additional information about the individual entries. With very few exceptions, the 
newly approved names are native names. This revision presented an opportunity to 
provide a world-wide listing of such names. Well-known secondary names from older 
charts and publications are listed in parentheses, following the approved name. Abbre- 
viations have been avoided wherever possible, except for the frequently used Island 
(r. or 1), Islands (is, or 1s), and Light (xt), which are usually abbreviated, except when 
used as headings. 4 

The appendix contains 25 major headings (ARCTIC REGIONS). Lesser headings, 
given in boldface type (Greentana), have been chosen from both political and geographical 
subdivisions. Where desirable, a further subdivision is provided by the use of headings 
given in capitals and small capitals (srrevmoy (srromo Istaxv)). Entries preceded by dashes 
follow each such capitalized heading, the dashes indicating that such entries are integral 
parts of that heading. 

All entries appearing in italics (Thwe) are listed in H.O. Pub. No. 150, World Port 
Index. All entries followed by the abbreviation Lt (Kajartalik: Lt) are listed in the appro- 
priate H.O. light list for that area. Coordinates for these two types of entries were 
obtained from the above-mentioned publications. The remaining entries and their 
coordinates were selected from charts and sailing directions. 

Where the larger political subdivision (State or nation) of a port (italic entry) is 
not otherwise apparent, this information is included as part of the entry. Because of 
changing political boundaries, geographic names or their spellings do not necessarily 
reflect recognition by the United States Government of the political status of an entry. 

Because some of the newly approved names may not be familiar to all users, both 
the approved names and the secondary names are listed in the alphabetical index. For 
this reason, the alphabetical index should be used only as an aid to locating entries in 
the main listing. Jn all cases the main listing should be referred to for positive identi- 
fication of the desired position and the approved name. 

The index has been extensively cross-indexed, particularly in the case of trans- 
literated and hyphenated names. In some instances strict alphabetization has been 
sacrificed in the interest of logic. For example, spain, east coast 8Nd spain, north coast are followed 
by Spain, south coast, rather than by Spain, Port-of-. 

Each entry in the alphabetical index is identified by a four- or five-digit number 
corresponding to the numerical sequence in the main listing. Where two or more 
alphabetical entries possess identical or similar names, the general location is provided 
in parentheses, following the entry. Thus the user may easily distinguish between 
Aberdeen (Scotland) and Aberdeen (Washington). 

Entries are listed in the following geographical arrangement. 


Page Page 
Afctio Hegions +2: et aa.tageo oat oo eee 1061, (4Red Seas: 44 Ses - eae ee 1088 
East Coast of North America___________ 1063 | Islands of the Indian Ocean____________ 1088 
West Coast of NorthyAmerica=sss22 eee 1067>|=South:C@oasttofsAsiames oe) 2) ooo 1089 
Hawaiian islands eke ee al ee eS. 1069, |=Indonésia === i= a = a eee 1090 
West Indies Trt.» “Vt. o.8 een a Er LO7O |SAustraliake: S96 35.60) 8 eee 1092 
East Coast of South America___________ LOCUS nernania 1093 
West Coast of South America___________ L073" |New Zasland 49 le ene 1094 
Islands of the Atlantic Ocean___________ 1073 E i a Coe oe be ck 
Britishalsles hel. ado et ead 1074 ast: Coast ofpAsia == ees eee 1094 
Westi Coastiotslurope sean nnn 1076 Japan_- Sa ee pees = 1096 
Mediterranean and Black Seas__________ 1081 Phibppinés,..< 4.305330 = 4.058 a2 eee 1098 
Wiest CoastsofeAtricas s2 ume | oll ale 1086 | Lesser Islands of the Pacific____________ 1099 
Haste oastiot Atrica eae asn anne nnn LOS7s | Antarcticassssta d= ee 1100 
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MARITIME POSITIONS 
ARCTIC REGIONS 


Place Lat. Long. pc Place Lat. Long. 
Greenland ‘3 Iceland—Continued 
/ ° , , ° / 
Kap Morris Jesup-----.------_- 83 39 N | 3418 W 1830 Hormbyargs tse ce ese eee ae 5N | 22 23 W 
Dragon Point 8218 N | 53 00 W 840 | Gjégur:! Lt___._--2- 00 N 21 19 W 
Kap Stanton___- 8213 N | 5710 W 850 | Skagaté: Lt_...------ 07 N 20 06 W 
Kap Brevoort 81 58 N | 6015 W 860 | Saudhanes: Lt_-_----- 11N 18 57 W 
Thank God Harbor-_-_.--------_- 8138 N | 61 44 W STO NB Airisey Se sete ee 59 N 18 22 W 
Kap Bryan 8106 N | 6405 W 880) |) Blatey.; Litecee se 10N 17 51 W 
Kap Jackson_-_- 80 00 N | 67 283 W 890 | Raudhinapur: Lt__- 30N | 16 33 W 
LON oot See So ae 7819 N| 7245 W || 1900 | Raufarhofn: Lt__--- 27N | 15 56 W 
KaprAlexander_22----_--..---! 7810 N} 73 09 W 910 | Langanes: Lt______- 2N | 14 32W 
TS DRE Sn Veen 2 eee eee aoe 77 01 N | 7110 W 920 | Bjarnarey: Lt_____- 47N | 1419 W 
CO ee ee ee ee 76 32 N | 68 50 W 930 | Seydhisfjordhur___----- 16N | 13 55 W 
Kap Atholl. 22488 eserecet 2 76 23 N | 69 38 W 940 | Dalatangi: Lt____---- 16N 13 35 W 
TEE 0) G0) 2a ee 75 53°N | 66°25 W 950 | Kambanes: Lt____--_- 48 N 13 50 W 
Kap Melville__---...-.---------+ 7601 N | 63 40 W 960' |) Papey) Li. 2 eae 35 N 14 11 W 
Opennivitttesr sts 6. -cc ects 72 46 N 56 09 W 970 | Stokksnes: Lt____-- 144N 14 58 W 
PAQUET mete. Soon eee 28 72 22 N | 55 34 W 980 | Ingolfshofdhi: Lt 48 N 16 38 W 
Swartennuke st. 22. Sess ses. ay 71 41 N 55 53 W 
WIMNANURE Bente zee s5sSse SSF 70 41 N | 5209 W 2000 Faeroe Islands 
Godhavn, Disko- -| 69 14 N 53 32 W 
Jakobshavn____-----------+------ 69 13 N | 51 06 W 2010 | Sudhuroy (Sydero), Sunnbéur 
Christianshaab__----------------- 68 49 N 51 11 W (Sumbo)) Lt» eee. .| 61 24N 6 40 W 
Egedesminde_____-_-_--_--__-_-- 68 42 N | 52 52W 020 | Nolsoy, Kabelen: Lt__..-------- 61 57 N 6 36 W 
Eolsteinsborg? 22e<. eet tec ek 66 56 N | 53 42 W 2100 | SrrREYMoy (STROMO ISLAND) 
Camp Lloyd, Sondre Strom- 1104 |(=—TGrshann 2. eee 62 00 N 6 45 W 

TACO gs SE ee ee _.| 66 58 N | 50 57 W 120 | —Vestmanna-_-_.----------------- 62 09 N 710 W 
Kangdmiut___--- 65 49 N | 53 18 W 2200 | Kongshavn, Fysturoy (Ostero I.).| 62 07 N 6 44 W 
Sukkertoppen_-- 65 25 N | 52 56 W 210 | Kallsoy, Sydhradalur: Lt___---- 62 14N 6 39 W 
Godthnahese 2 =*="- =.=. ..--Soee8 6411 N | 51 39 W 220 | Mykines (Myggenaes), My- 

Feringehavn - -- 63 42 N | 51 33 W Kinesbygd LL tscles-<—- 62 06 N 740 W 
WH PSRENEEREL EE Fee ese 63 05 N | 50 42 W 

Ravns Stor¢g Havns-_------------ 6243 N |} 50 25 W 2300 Svalbard 

Frederikshaab 6200 N | 49 43 W 

Kajartalik: Lt__- 6110 N | 48 32 W 2400 | VESTSPITSBERGEN (WEST SPITS- 

Jug Se WS 22 6112 N | 4811 W BERGEN) 

TAT SUK (WME Ste Soe cose cc osss 61 08 N | 48 20 W 410 | —Sveagruva_-__------------------ 77 53 N 16 46 E 
Narsarssuak___--- 6108 N | 45 25 W 420 | —Kapp Martin, Bellsund: Lt__| 77 43 N 13 59 E 
Julianehadbs: -223225 -- 2.2 -+- == 60 43 N | 46 02 W 430 | —Isfjord, Kapp Linné: Lt------ 78 04 N 13 38 E 
Sydprdven (South Proven) - - ----- 60 28 N | 45 34 W 440 | —Barentsburg.------------------ 78 04 N 1414 E 
Posten boa ssesssstace sss ee 60 4 45 ms ~ 450 i phi ta ee ecestes 78 14N 15 35 E 

VEGETIRSOM St ha ee acesscsssces 60 44 NA TRUNE ee ee 11 566 E 
Kap Farvel (Cape Farewell)_---| 59 45 N 43 53 W fe, Price ee yonicid: Fugle-_ Cea : 
oh oe I., Prince Christian pee einer huken: Lt 78 53N | 1031E 

Gunde et st Sack etee 02 y [Piper Pay open NY ad 
Kap Tor gaciold th....2...bt 61 24 N 2 20 W 510 | Austervdg, Bidrngya (Bear I.)---| 74 29N | 19 14E 

ap" Billess2---<- -| 62 10 42 
Kap Juel: Peak... “| 6316 N | 41 07 w || 760 Ue 
Kap Lévengrn---.--.------------| 64 31 N 40 07 W 2610 | Pechenga (Petsamonvuono) - ----- 69 39 N 31 10 E 
Dannebrogs 9 (Kivdlak I.): 620 | Mys Nemetskiy (Majakkanie- 

Oilsib oe ee 6519 N | 39 28 W aie Mae. Fete t Bae ata 3 69 58 N 31 56 E 
Angmagssalike: . 202. 2tse ts. 2 65 36 N | 37 38 W 630 | Mys Tsyp-Navolok: Lt- 33 06 E 
iKapiiriminger=_...c!....<-=-..Ui2 68 04 N | 30 56 W 640 | Mys Set’-Navolok: Lt--- 33 30 E 
Rignys Bjerg (Mount Rigney) --| 69 00 N 26 14 W 650) | Murmansk? 228k. {osc ccntesce 33 03 E 
Kap Brewster... =-=---b2=-2232 70 09 N 22 03 W 660 | Ostrov Kil’din: Lt__- 34 09 E 
IScoresbyeund $2.22. = os ~ = de eae 70 29 N | 21 58 W 670 | Mys Teriberskiy: Lt----------- 35 10 E 
icapyWardlaw...---<<.222sst8et 71 44 N 21 52 W 680 | Ostrov Bol’shoy Oleniy: Lt_---- 69 05 N 36 21 E 
Ort ROG WR c cccancnasns datos 73 07 N 21 20 W 690 | Semi-Ostrovov, Ostrov Khar- 

1) ii cele, a | oa 7405 N | 21 16 W lows? Wot Slee Bec ec core 68 49 N 37 20 E 

iletPendulum I_..--5-.2 25.2 7440 N | 18 27W 2700 | Mys Chernyy: Lt-.------------- 68 22 N 38 39 E 

Nanok, Fangst Station_.--------- 75 09 N 19 47 W 710 | Yokan’ga (Iokanka) _..---------- 68 03 N 39 31 E 

KapwPhilip)Broke_ -.2--<---.-< 7456 N | 17 37 W 720 | Mys Svyatoy Nos: Lt---------- 68 08 N | 39 46E 

Kapupismarek. .-.. <<2-.<---<<-2 76 42 N | 18 36 W 730 | Mys Malyy Gorodetskiy: Lt-..| 67 42 N 40 59 E 

Nordostrundingen (Northeast 740 WeMivsOrlovs Lit ogee s-S2e.s—-8 = 67 12N | 4119E 

Morland) 2.422. ....Agme-82e 8122 N | 11 45 W 750 | Ostrov Sosnovets: Lt_.--------- 66 30 N 40 44 E 

760 | Kandalaksha 32 25 E 

Jan Mayen Isiand Hea | Poh eee 1N 32 52 E 

TSO MLEC crete Dano ciao - oe as eae 17N 33 34 E 

Sérkapp (South Cape)---------- 70 50 N 8 59 W 790 | Arkhangel’sk (Archangel) ..---.--| 64 32.N 40 31 E 
Nordaustkapp (Northeast Cape)_| 71 10 N 7 58 W 2800 | Mys Zimnegorskiy (Zimnie): 

lute SR Reet fate te oul ens 2 65 29N | 39 43 E 

Iceland S10 Mysiintsy) Ltleesneteee_2 ose. 65 58 N 40 43 E 

820 | Mys Voronov: Lt--.--.---------- 66 31 N 42 15 E 

Dyrholaey (Portland): Lt.__.--- 63 24 N 19 08 W 830 | Ostrov Morzhovets: Lt_--.----- 66 44 N 42 29 E 

Vestmannaeyjar, Storhofdhi: Lt_| 63 24 N 20 18 W 840 | Mys Tolstik (Konushin): Lt...) 67 14.N 43 49 E 

Hyrar0dkie. Sec anan-a5<-=e= 63 52 N 21 09 W 850 | Mys Kanin Nos: Lt-.-------.--- 68 39 N 43 18 E 
Rey Kianes it. fo. so sosae seas 5 63 49 N 22 42 W 860 | Ostrov Kolguyev (Kolguey I.); 

Gardhskagi (Skagi): Lt_-------- 64 05 N 22 42 W iNmextromity: st /22---------- 69 32 N 49 08 E 
ERCP Rs We OE HE. bse 64 00 N 22 33 W 870 | Zemlya Frantsa-losifa_ (Franz 

ReykijanthS see Feet Ane ee 64 09 N 21 57 W Josef Land), Ostrov Vil’cheka_| 79 55 N 58 30 E 

Moalanrifs, biel .6222-2-se-2-022 64 44 N 23 48 W 2900 | NovAYA ZEMLYA 

Sventulotts bios _42}.-=-<s=24 64 52 N 24 03 W 910 | —Mys Chernyy Nos: Lt------- 70 51N 53 20 E 
Bjaretangarg Lt. 255-255-2225 65 30 N 24 32 W 920 | —Mys Severnyy Gusinyy Nos: 

Svalvocerit ist te<-.---eceeecens 65 55 N 23 51 W Ue ae” se ee 72 08 N 51 51 E 

Straummes), Etsi.22325--2-=-.-=- 66 26 N 23 08 W 930 | —Mys Stolbovoy: Lt-_---------- 73 18 N 53 56 E 
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ARCTIC REGIONS—Continued 


San SSeReP 
SBSERSR SS 


© or 00 


a> 
nN 
BHR BPR 


z 
S 


85 15 
90 10 
94 15 
91 15 
89 38 


Taek Place Lat. Long. a Place Lat. 
USSR—Continued tale Li Northwest Territories—Cont. a 
2940 | —Mys Zhelaniya: Lt_____-_-_-_- 76 59 N 68 30 E 3820 | Somerset I., Port Leopold_-____- 73 50N 
950 | —Ostrova Pakhtusova: Lt___--- 74 24N 59 08 E 3900 | DEVON ISLAND 
960 | —Mys Vykhodnoy (Cape Vuik- 910 |" —Graham Harbor--------.---=-- 74 30 N 
hodnoy Ls e.--< ee 73 14N 56 42 E 920 | —Dundas Harbor..__.._...-.-.-| 74 32N 
970 | —Mys Men’shikova: Lt__-..__- 70 42N 57 36 E 4000 | Axel Heiberg I., Hyperite Point_| 78 08 N 
3000 | Khodovarikha Sopka, Mys 4100 | ELLESMERE ISLAND 
Russki Zavarot: Lt.._.-----_- 68 55 N 53 39 E 140 \|—Slidre’Bayi 22. = 79 59N 
010 | Mys Greben’, Proliv Yugorskiy 120 | —Eureka: Weather Station_____ 80 00 N 
Shar (Yugorski Strait): Lt_.__| 69 40 N 59 59 E 130 —Wardilimt. 1." -- 2 83 05 N 
020 | Ostrov Vaygach, Ostrov Kolyu- 140 | —Alert: Weather Station---____- 82 30 N 
baking aye een 2 Sepa ae 70 15 N 58 20 E 150 | —Cape Sheridan____.___-______- 82 28 N 
030 | Bolvanskiy Nos: Lt__---------- 70 27 N 59 04 E 160 | —Fort Conger, Discovery Har- 
040 | Ostrov Belyy (Byeli I.): Lt____- 73 22 N 70 03 E DOr Sas ert oe ss 81 44N 
050 | Ostrov Shokal’skogo, Obskaya 170 | —Cape Baird________- 81 31 N 
Guba (Gulf of Ob): Lt________ 72 59N 74 22E 180 | —Cape Sabine_-_______ 78 44N 
060 | Ostrov Dikson (Dickson) _-------- 73 30 N 80 25 E 190 | —Craig Harbor 76 12N 
070 | Ostrov Sverdrup: Lt_____-_--_-- 74 31N 79 32 E 4200 | Coburg I., Cape Spencer_-______- 75 54N 
080 | Ostrova Izvestiy Tsik: Lt_._-__- 75 53 N 83 17 E 210 Bylot Ly Cape Hays _2.2.--.-=-- 73 51N 
090: |) Ostrov: Russkiy;Ut=-.----_.--- 77 10N 96 26 E 4300 | BAFFIN ISLAND 
3100 | Mys Chelyuskin: Lt___-_--.-_- 77 42N | 104 38 E 310 | —Arctic Bay: Weather Station_| 73 00 N 
110 |, OstroveK otel’nyy__._-.--...../- 75 30 N | 139 00 E 320 le—Pondminiett. _ ==. 2 Jes 72 45 N 
120 | Mys Shelagskiy: Lt____-.-_--_- 70 06 N | 170 24E 330 | —River Clyde 70 22N 
130 | Mys Billingsa: Lt__..._.._.__-- 69 52N | 176 08 E 340 | —Padloping I.: Weather Sta- 
Ostrov Vrangelya (Wrangel I.)- 179 00 W tion? 2) eee - Sees. 06 N 
MiyshUelen? (tie 2228s 169 41 W 350 | —Cape Dyer_.______.____- 40 N 
Mys Dezhneva, Bering Strait: 360 | —Cape Mercy.-_-_.--_.---- 02 N 
Lip et ee. Lee ee 169 43 W 370 | —Pangnirtung.__.-------- 06 N 
Ostrov Ratmanova (Big Dio- 380 | —Cape Murchison 
ME ENE) Wt Paes: _ SS ALES ees 169 06 W 390 Bie Bay, Koojesse In- 
it Se eo tS 
laska 4400 | Hupson Strait 
* Sd Apres Put. Se 
Cape Prince of Wales: Lt______- 168 05 W 20 | —Lake Harbor_______...__ 
Cape Espenberg: Lt_.---------- 163 40 W 430 | —Big I., Rabbit I.: Lt___- 
Deening si 23 Mitek - ee ees 31 a 162 44 W 440 1 Dorsch aes eens =e 
Kotzebue____._.__- 162 35 W 450 | —King Charles Cape 
Point Hope: Lt_. 166 46 W || 4500 | Barrin IsLanp 
Wainwright ______- 160 00 W or renee ae aos a tae 
Barrow? 9s to tiect2 zee 156 47 W —Cape Hallowell -________ 
jh 74 ehh ae Kater 3-33 e 
3 ort(Ross®_!. 2 aheeeeee 
Yukon Territory 610 Cape Margaret Wee G 
620 elly Bay: Mission 
Herschel 1--..-.-.-.-.-.-..----- 139 05 W || 630 | Cape Englefield... 
640 | Igloolik: Mission________- 
3400 Northwest Territories 650 {kCape Penkhyn: 252) 2 ae 
341 0y)| Kelttigaz ites aes eee as ed 69 21 N | 133 43 W 4700 Hudson Bay 
420 | Port Brabant (Tuktoyatuk)____| 69 26 N | 133 02 W 
430 GCapesBathurstc-c - =. 2b eee 70 36 N | 128 00 W 4800 | SOUTHAMPTON ISLAND 
440 \|\0Capel Parry... --. 7 5. =e 70 12N | 124 33 W 810 | —Seahorse Point________________ 63 46 N 
450) PearcetPoint es ee 69 55 N | 122 45 W 820 | —Coral Harbor, N. W. T__-___- 64 06 N 
460) \sCape Bexley=._-. 5+... s hg 69 03 N | 116 00 W 4900 | Chesterfield Inlet: Lt__.._______ 63 20 N 
470 | Coppermine_____._-__- --| 67 48 N | 115 03 W 910 | Churchill, Manitoba________- --| 58 47N 
480 | Cape Alexander. __--.-....-...- 68 56 N | 106 11 W 920 | Port Nelson, Manitoba 57 03 N 
3500 | BANKS ISLAND 930 | Moosonee, Ontario_______________ 5117N 
510 Nt CapetKellett 226 72 02N | 125 40 W 940 | Charlton Depot, N. W. T________| 52 02N 
520 | —Sachs Harbor-_- .-| 71 66 N | 124 40 W 950 | Port Harrison, N. W. T___--.___| 58 283N 
630//i-—Nelson Head! = ==_- 22 2) seas 71 03 N | 122 30 W 9604 iSimith Te IN Te eee 60 44 N 
3600 | Victoria I., Cambridge Bay: 970: 1Ooats: ke Pits. 20-5) 2. agin 62 10 N 
Weather Station__-- 22-22 69 07 N | 105 01 W ‘980: ike Mansel lati. =o. 2 62 27N 
610 | King William I., Gjoa Haven___| 68 38 N 95 55 W 
620 ip Princetot Wales) l2--- 22-4. aeee 72 30 N 99 00 W 5000 Hudson Strait 
630 | Melville I., Winter Harbor__..__| 74 47N | 110 48 W 
640 | Prince Patrick I., Mould Bay: 5010 || Digges Is.) Lit_-___- Bae ees 62 35 N 
Weather Station______________ 7617 N | 119 28 W 020 | Nottingham I.: Lt_.._....._____ 63 06 N 
3700 | RINGNES ISLANDS 030 | Charles I., Cape Moses Oates: 
7109), —Pllef Ringmes iy see ae 78 30 N | 101 00 W ‘Liit. QU 352 (aes eA ¢ 62 36 N 
720 | —Isachsen: Weather Station____| 78 47 N | 103 32 W 040 | Wakeham Bay, Quebec___________ 61 42 N 
3800 | Bathurst I., Cape Cockburn____] 75 04. N | 100 22 W 050 | Cape Hopes Advance: Lt_______| 61 05 N 
810 | Cornwallis I., Resolute Bay: 060 | Fort Chimo, Quebec___.._________ 58 09 N 
Weather’ Station____©2_-- 2.82: 74 43 N 94 59 W 070 |) 'CapeiChidley.___.  .) Jhesinn 60 26 N 
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APPENDIX S 
EAST COAST OF NORTH AMERICA 
Index Pl Index 
Py, ace Lat. Long. Nie Place Lat. Long. 
6000 Labrador Newfoundland—Continued 
° , ° if ° fa ° , 
GOTO! lpiTebron meee en N 62 38 W 6800 | Ferryland Head: Lt__---------- 47 OLN 2 52 W 
20) Nita Br Be ene N 61 47 W 810 | Cape Race: Lt_------- 46 39N | 53 05 W 
O30) Nainie ae ee en N 61 41 W 820) | Drepassey_2s--—---.. 46 44N 53 24 W 
O40: ord iifanbons <2 2-2 N 61 11 W 830 | Cape Pine: Lt__----- 46 37 N 53 33 W 
050 | Cape Harrigan: Lt._.-_-_-___-- N 60 19 W 840 | Point la Haye: Lt 46 544 N 53 37 W 
060 | Napakataktalik (Manuel 850 | Cape St. Marys: Lt...--------- 46 49 N 54 12 W 
(Ai. ees 32 N 60 14 W 860: |meoint Verde: (Lt....------.---24 4714N | 5401 W 
070 | Hopedate.___ 22252-2252 #y 216527 Ni 60 12 W 870 | Placentia 4715N | 53 58 W 
080 | Tikkerasuk I.: Lt__-__-_- _---| 55/20:N 59 43 W 880 | Latine Point: Lt 4719N | 5401 W 
O90 POU Mhrontele: pe. 2 = * 2 = 54 29 N 57 06 W 890 | Argentia 47 18N 53 59 W 
6100 | Goose Bay Narrows: Lt-------- 53 27 N 59 57 W 6900 | Fox I.: Lt 47 21N 54 00 W 
HUG) Wael erringionae 53 21N | 60 24 W 910 | Marticot I.: Lt_- 4719N | 54 35 W 
120 | Packs Harbor: Lt_.---- ----| 53 62N 56 59 W 920 | Iron I.: 47 03 N 55 08 W 
130. (Cartwright st... 3.3 nee 5s, 42 IN: 57 02 W 930 | Dodding Head, Burin I.: Lt____| 47 00 N 55 09 W 
140 | Cape North: Lt_-_-_--- ----|) 53 46Ni 56 26 W O40 IBwriaest Be... tt. See 47 083 N 55 10 W 
150 | White Point: Lt______- _.--| 53:35 N 56 01 W 950 | St. Lawrence Harbors, Middle 
160: | DominoiPoint; Lt..--...._--.! 53 28 N 55 44 W Head Lts + teeeenees: - 2a 46 54 N 55 21 W 
170 | Double I., Battle Harbor: Lt_--| 52 15 N 55 33 W 960 | Lamaline Bay, Allan I.: Lt___-- 46 51 N 55 48 W 
#80, |-Aimonmr Point?’ Lt__--<-- --.: 23 251 27.Ni 56 51 W 970 |*GreentlvaLit.....-.---- 2 2n% 46 52 N 56 05 W 
6200 Newfoundland 7000 | St. Pierre and Miquelon Islands 
6210 | Belle Isle, South Point: Lt_-_--_- 51 53 N 55 22 W TQ1O! PSA Richens deccece = secese ence ek 46 47 N 56 11 W 
20) ir lowers sabe. 51 18N 56 45 W 020 | Gallantry Head: Lt__---------- 46 46 N 56 10 W 
230-; Cape Norman: Lt._-_---------- 51 38 N 55 54 W (030 | Platte Bointzelbtiss2 ---—- --: 46 49 N 56 25 W 
240 Cape Bauld: "Lt: -___-__altes& = 61 38 N 55 25 W 040 |"Cape Blanc: Lt.--..--..-------. 47 06N | 56 25 W 
250 | Saint Anthony ------- 51 22N 55 35 W 
260 |) Fox Point: Lt=--.~_- 51 21N 55 33 W 7100 Newfoundland 
270) |p}Cape Fox: Et._..---- 50 52 N 55 54 W 
280 | Bell I., Grey I.: Lt 50 42 N 55 37 W Ml1O WwGrand2Banko. -----------2e-nen 47 06N | 55 45 W 
290 | Canada Bay, White Point: Lt__| 50 43 N 56 06 W 120) Garnish) bp aeeoe 5). a 2-33 47 14N 55 22 W 
6300 | Orange Bay (Great Harbor 130 | Long Harbor Point: Lt--- 47 34 N 55 08 W 
U2 210), 7 ull Je ee ee ee Rar 2 Ae 50 23 N 56 23 W 140 | St. Jacques I.: Lt 47 283N | 55 25 W 
310 | Western Arm (Western Cove)_.--| 49 47 N 56 37 W 150 | Brunette I., Mercer Head: Lt..| 47 15 N 55 53 W 
320) |ePartridge Boint: Lt-.--.--2.. 50 10 N 56 09 W 160 3}eiPass'€. Pie... annette st.kS 47 29N 56 12 W 
330 | Baie (Bay) Verte--...----=------ 49 57 N 56 10 W 170 | Cape La Hune: Lt 47 32N 56 52 W 
340 | Saint Barbe (Horse) Is.: Lt-_---- 50 12 N 55 44 W 180 | Penguin Is.: Lts.2-.22/22 47 23 N 56 59 W 
SoG vay Scions oe 49 58 N 55 36 W 100) |p Riamien Ist) tt 22.2 se 28 -- 47 31N 57 25 W 
360; |iGull T.4Lts 50 00 N 55 22 W 7200 | Burgeo Is., Boar I.: Lt--_-- 47 36 N 57 36 W 
370 | Nippers Is.: Lt 49 47N 55 50 W AiO’ |irelandvlss Luss. -+--.-=.- 47 38 N 58 22 W 
380 | Little Bay I.: L 49 38 N 55 46 W 220 | Rose Blanche Head: Lt---- 47 36 N 58 42 W 
390 | Gull Rock: Lt 49 41 N 55 42 W 230 | Port Aur Basques_-_--=2=------- 47 34 N 59 08 W 
6400 | Long I., Southern Head: Lt_-_--| 49 36 N 55 35 W 240 Cane Ray MLt.-..- = -<<-<---.6 47 387 N 59 18 W 
410 | Leading Tickles: Lt__---------- 49 30 N 55 24 W 250 | Cape Anguille: Lt 47 54 N 59 25 W 
420 | Fortune Harbor: Lt------------ 49 32 N 55 14 W 260' St. Géorgesus-..1.------=-~- 48 26 N 58 30 W 
420 Borngen 2... a5 sat 49 09 N 55 20 W 270 | Indian Head: Lt-------- 48 30N | 58 31 W 
440 | Surgeon Cove Point: Lt 49 31N 55 07 W 280 | Stephenville Pond 48 31 N 58 32 W 
ABO) | Lewisporte+ -.--------- 49 15N 55 03 W P50) lsed ESL 2 ~_ s ncn 48 34N 59 14 W 
460 | Twillingate (Toulinguet) 49 40 N 54 47 W 7300' |WLong/Points Lt...--=-.==S3-=22 48 47 N 58 47 W 
470 | Bacalhao (Bacchalhao) I.: Lt_._| 49 41 N 54 34 W 310 | Port Au Port (Aguathuna) - ---- 48 34 N 58 46 W 
480 | Fogo, Rag’s I.: Lt_.------------ 49 44N | 54 16 W 320 | Little Port Head: Lt----------- 49 07N | 58 25 W 
490 | Brooks Point, Joe Batts Point: 330 | Frenchman Head: Lt-_----- 49 03 N 58 09 W 
Aiea: es) 5 ae eres 49 45 N 54 09 W 840 | Corner. Brook...-..--------- 48 567 N 57 57 W 
6500: | Little Fogo I.: Lt.-...-.-------- 49 49 N 54 05 W 350 | Lobster Cove Head: Lt_ 49 36 N 57 57 W 
IO) MOEN Le Ise een cnan 49 35 N 54 11 W 360 | Cow Head Harbor: Lt 49 55 N 57 49 W 
CO IRC ANUSINt ose nnn 49 27N 54 23 W 870) \WaKeppelel. et. 2 -e- 50 38 N 57 20 W 
530 | Offer Wadham I.: Lt_---------- 49 36 N 53 46 W 380 | Riche Point: Lt--------- -| 50 42N 57 25 W 
40) IePecktord iss Lt -2_-=----=---2-~- 49 32N 53 51 W 890) |OF erolle Point): Lts-.---------.<-- 51 01 N 57 05 W 
550! ePenguind st Lt—.--------------- 49 27N 53 49 W 
560 | Cabot eax Tes ite Eee - on . oa = 7400 Quebec 
AO) Ne wth eh ee Ge eee ‘ 
580 | Little Denier I.: Lt_..---------- 48 41N | 5335 W || 7410 | Greenly I: Lt 2N | o7 11 W 
ing’ : 420) lm latietglitts 2... 20<-2---= 5N 58 45 W 
500" jeKing?s' Cove: Lt__------s--=---- 48 35 N | 53 19 W : 
deere 430 | St. Mary Is.: 8N | 59 39 W 
6600 | Cape Bonavista: Lt_---.-------- 48 42 N 53 05 W i 
610 | Catalina 48 30 N 53 03 W 440 | Cape Whittle, Cormorant 
620 | Green I > Lt iS Sapcmagens os 48 30 N 53 03 W Rockss lise 4-4-6 = 3 -eene 50 10 N 60 04 W 
worTHniy 3 22N | 63.22W || 450 | Natashquan Point: Lt_...-..-.-| 5005N | 61 44.W 
640 | Ragged Is.: Lt 48 14N 53 27 W 460 | Walrus I. (Ile au Marteau): Lt.| 5012N 63 34 W 
650 | Random I., Motion I.: Lt_----- 48 06 N 53 33 W 470 | Havre-St.-Pierre_-.-------------- 50 14 N 63 36 W 
660 | Hopeall Head: Lt_-_------------ 47 38N | 53 34 il a —— i 1h esclera eeaeeer 5013.N | 6412 W 
670 | Jeans Head: Lt-_- ..--| 47 56N 53 22 NTICOSTI ISLAND 
680! MPerlicanW Pit... --n---nnat=+ 48 05 N 53 01 W 510 | —Cap de Rabast: Lt 49 57 N 64 09 W 
690 | Baccalieu I., North Point: Lt__| 48 09 N 52 48 W 520 | —Carleton Point: Lt 49 44 N 62 57 W 
6700) |.Carbonearil,:) Lt. .,-----.-2-+-' 47 44N 53 10 W 530 | —Table Head: Lt-------------- 49 21N | 61 54 W 
710} We arbof, GY a0 5255 abe eens 47 41 N 63°13°W 540 | —Heath Point: Lt_------ 49 05 N 61 42 W 
720 | Bay Roberts__----.-------------- 47 36 N 53 15 W 550 | —Bagot Bluff: Lt---.----------- 49 04 N 62 16 W 
730 | Brigus Bay, North Head: Lt_--| 47 33 N 53 12 W 560 | —Southwest Point: d 5 ich o 49 23 N 63 36 W 
740 | Salmon Cove Point: Lt-_..------ 47 28 N 53 10 W 570 | —Port Menier -_.--------------- 49 49 N 64 21 Ww 
750) | Waban Bell I___..----------=-2 47 87N | 52 56 oF sa a Point: ii = 49 52N | 64 32 W 
760 | Cape St. Francis; Lt_---------- 47 48 N 52 48 tT. LAWRENCE RIVER 
770 Saint LO Ce a eS Ee 47 34 N 52 42 W 610 | —Sept- Iles (Seven Is.) .--------- 60 12 N 66 23 W 
780) |uCapeySpears Lt.....---=-~------ 47 31 N 52 38 W 620 | —Seven Is., Carrousel I.: Lt_.--| 50 05 N 66 23 W 
790 | Bull Head, Bay Bulls: Lt------ 47 19 N 52 45 W 630 | —Pointe des Monts: Lt-------- 49 20 N 67 22 W 
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Index 
No. 


Place Lat. 
Quebec—Continued hen 
a Isaie-OOMECWU so eee ee 4N 
CT. S aS. | 9N 
SYA ATER IU ee eae Oe 1N 
a MONET COS Sr 1N 
a LOUK ee neta ae tt oe 7N 
—Hathem Point: ite os.s eee cee IN 
Cap, @Chati Utz ee cece ee 5 N 
—Sainte Anne-des-Monts___---_- 49 08 N 
—Cap de la Magdalen: Lt_____-_ 49 15 N 
= HAMesE Ont se lites eee 49 06 N 
Cap des Rosiers: Lt__.._______- 48 51N 
Gas pete RA SS ore 48 50 N 
Cap.d2bspoirt\ io so eee 48 26 N 
Chandler cee A PES 48 22N 
Pointe au Marquereau: Lt_-___- 48 12N 
Paspebiacs...- 22 see 48 02 N 
Carleton Centre, Tracadigash 
Point bt. 2 ess eS 48 05 N 
MAGDALEN ISLANDS 
—Havre Aubert (Amherst Har- 
DOP) <2 52. Ole Ka Es 47 14N 
—Grand Entry Harbor____----_- 47 384N 
New Brunswick 
Campbellion t=. at msee seater 48 01 N 
Dalhousie 48 04 N 
Bathurst 2. 2... Ree 47 87 N 
Miscou I., Birch Point: Lt_____ 48 01 N 
UN CW COSELE SE bien oe ee 47 00ON 
Chavhomt Se 47 02 N 
Portage. elt 47 10 N 
Point Escuminae: Lt 47 05 N 
Richibuctowe 2) eee eae 46 41 N 
Caissie (Cassie) Point: Lt______ 46 19N 
Cape Jourimain: Lt_______..__. 46 10 N 
Cape Tormentine Harbor: Lt__| 46 08 N 


Prince Edward Island 


Port yBordens ict... 4) ee 46 15 N 
Seacow Head: Lt___-_ ----| 46 19N 
Summerside____.__-.--_- ----| 46 24N 
Cape Egmont: Lt____- ----| 46 24N 
iWestePoints Lith. ._- ----| 46 38 N 
Miminegash: Lt_______ -£=-|, 46°53. Nj 
North Point: Lt______- ---| 47 04N 
Cape Tryon: Lt______- ---| 46 32 N 
Shipwreck Point: Lt_- ---| 46 283N 
East Point: Lt__.....2-2. == -|) 46927) N 
Knight Point; Lt..._____ ---| 46 21N 
Sudis 2 ---| 46 21N 
Georgetown 46 11N 
Panmure I., Cardigan Bay: Lt_| 46 09 N 
Cape Bear: Lt- 46 01 N 
Wioodishiite. 2 2.23.5. 45 57 N 
imgion exo tale” 1p One ai 46 03 N 
Charlottetown_.....__--_____ 46 14N 
St. Peters I.: Lt 46 07 N 
Nova Scotia 
Coldspring Head: Lt__________- 45 58 N 
UGWOSh. 222 ae i oe a 45 51 N 
Amet TD slips Oa tale! 45 50 N 
Caribou Point, Gull I.: Lt______ 45 46 N 
Pictou I., Seal Point (East 
End) tl 2 {eee be. 45 49N 
PiClOU Ak Ie Beate s Whe shee a 45 40 N 
Cape George: Lt___......--..___ 45 53 N 
North i@ansoy Litsscs-2) ee 45 42N 
Cape Breton Island 
Henry I Mts 45 59 N 
Port Hood 46 01 N 
Mabot: Sete To. ae 46 06 N 
46 21 N 
46 23 N 
46 38 N 
47 02 N 
47 02N 
47 12N 
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MARITIME POSITIONS 
EAST COAST OF NORTH AMERICA—Continued 
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Index 
No. 


Place 


Cape Breton Island—Cont. 


Dingwall: Me tints Beta Se 
White Point: Lt 


Point: 292s) 


Great. Bras d’Or, Blackrock 
Pointe Diet 2 eS 


Scatari I., Mainadieu: Lt_____- 
ELOUISDUTG Fee ee es 
Guyon (Guion) I.: Lt 
Std Esprit 2 
Green Es Dit ee ee eh ss 
MADAME ISLAND 

—Cap Rond: Lt 
—Arichatoal........ Bae 


Nova Scotia 


Cape Porcupinés2-_.......-- ene 
Eddy (Sand) Point: Lt__._____- 
QuysDOnOUgh es a ee 
Queensport, Rook I.: Lt_______- 
Can30 ee ger” 
‘Cranberrysisss (Lt... 2. 
Sable I., West Point: Lt________ 
White Head Tix Lt. ...... 5. 2f 
Whitehead (Whitehaven) __________ 
Tor Bay, Berry Head: Lt--_--__ 
(Countrysi Liae 
‘Wedge wlee tee a oes 
iscom brewit.ccee 
‘Beavers abt. 22 iotse 
SheetoTharbon ses 55 2 sce sd 
Tomlee Head, Spry Bay: Lt____ 
Shipsianbon ee. 2 Sk 


Betty I., Brig Point: Lt________ 
PeggysPoint epee as Sal 
UNG OD ON De os oie 
East Ironbound I.: Lt_________. 
(Pear ld Ghiste- meee eee ences 


Mahone Harbor--.- 
Crossiit bt. 
TAUNEROUT GOR eet 


Liverpool 
Port Mouton, Spectacle I.: Lt__ 
Little sHopells) utes ee 


Cape Roseway: Lt___- 
Cape Negro I.: Lt_- 
Baccaro Point: Lt_- 
Cape Sable: Lt_______ 
Bon Portage I.: Lt______ 
Socal Te at eee a oe ee 


Cape Fourchu: Lt________ 
Cape St. Mary: Lt_ 
Brier. AL Gh tae een 
Boars Head: Lt 


Lat. 
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APPENDIX S 
MARITIME POSITIONS 


EAST COAST OF NORTH AMERICA—Continued 


Nova Scotia— Continued a ee, Massachusetts—Continued wk Fe 
9550 44 42N BS IAZOW 2 |, 107200 | UQuincysmeesee se: S- -- = 2 42 15 N 70 58 W 
560 44 37N 65 46 W 730 | Minots Ledge: Lt-_-.------------ 42 16 N 70 46 W 
570 $ 44 57N 65 16 W 740: | (Gurnet Point: Lt...--22222-2= 42 00ON 70 36 W 
580 | Cape Split, Minas Channel---_- 45 20N 64 30 W 7500) Plymouth. Mesos see... - Sees 41 57 N 70 40 W 
590 | Parrsboro 45 24N 64 20 W 760 | Cape Cod Canal Eastern En- 
9600 Cape d’Or: Lt 64 47 W oe ener tye Breakwater Lt------- st rs & be 2 ie 
61 le Hi o Tebeee 2. = - ‘ 7 rovincetown.-.-.+---------===- 
820 rt eerie Cape Capstan: ye 780! Race Point: Lt__--2--22-=--:--- 42 04N | 7015 W 
aes e452 || 9/90 | Sap] Co: Lona BN | 700 W 
= nn ailll eee rn auset Beach: Lt_-....-------- 
; 8109 eChathames 2x 2cee. ee . | 41 41 N 69 57 W 
ae aaa pesnerick 820 | Monomoy Point? Tower_---- | 41 4N | 70 00 W 
G7 Onl AA OnCLONS. aes 28 -- os -- = 46 05 N 64 46 W yannises Meets. Boss. 222 4 3 
720) \cG@rindstone:h:> Lt. ...2-._--- 2... 45 43N | 6437 W 840 | Sankaty Head: Lt___------ _|4117N | 69 58 W 
730 | Cape Enragé: Lt---- 45 36N | 64 47 W 8500) Nantweket..--5.-----2-- =.= _|4117N | 70 06 W 
eS eeeeeamne BAN) SW | | wat Chop bk |B SN | aw 
750 uaco Hea: ee ee ee 5 20 65 32 yteesea. .- 5. 2. 5 
760 ape Spencer: Lt.1222_ 22222 <-- 45 12N | 65 55 W 880 | Cuttyhunk I.: Lt__.-..---- _ | 41 25N | 70 57W 
770 | St. John----- = 4516N | 6603 W 890 | Woods Hole-...------------- ._|4131N | 70 40W 
cee 45 14N | 66 08 W |] 1000 | Banas ee ger Lt | MBN | 102 
eveland Ledge: Lt-- 2 
9800 Be en et a OgN | 06.28. W ence ae geben c: | 4b 38 Nol agf 65 
$100) (Bliss I-35 Lts_s_.2=-- 4501N | 66 51 W GUpriiven ee secon eee ee ne 
9900 GRAND | Maan’ ean we cree: H: i) 2 re i 11000 Rhode Island 
910 | —Swallowtail: Lt__-....-------- 46 66 44 : 
G2 Gulli@oventLéss. cass cance a 44 38.N | 66 42 W || 11010 | Providence-_..-.--------.------- 41 48N | 71 24 W 
= ° 020 | Davisville Depot__------ 41 37 N 71 24 W 
930 Southwest Head: Lt---_------ 44 36N 66 54 W A 
: 030 | Quonset Point.-.------- 41 35 N 71 24 W 

10000 | Gannet Rock: Lt_-------------- 44 31N | 66 47 W poe ate 

010 | Machias Seal I.: Lt__.---..----- 44 30N | 6706 W 040 | Newport_..-...--------- 
020 Mulholland 050 | Beavertail Point: Lt--. 41 27N 71 24 W 
44 52N 66 59 W 060 | Point Judith: Lt.__..-- 41 22N 71 29 W 
030 y Head, Head Harbor 070 | Watch Hill Point: Lt-. 4118N | 71 52W 
Pip eee eee ae RR om 44 53 N 66 54 W 080 | Block I., Southeast Point: Lt.. | 41 09 N 71 33 W 
er Sete suceer, BAY eee oa 45 04 N 67 03 W || 11100 Connecticut and New York 
1200 Sb-scepuen-=2-----.----.---.- 45 12N 67 17 W 
11200 | Lone IsLanp, NEw YORK 
i 210 | —Montauk Point: Lt-_-------- 41 04N 71 51 W 
ak pene 220 | —Shinnecoek Inlet: Lt--------- 40 S0N | 72 29 W 
i DATO IES 8) el 
WE A la iPS haa a5 aad Belt w 240 | —Rockaway Inlet: Breakwater 
eth eae aaiesey’ bigs caer 40 32N | 73 56W 
SOMINT Deca ee ees ne eet n = NAAM DON | 66 OS Wl Meee PM erce sooo) yee 
Ze UCT SI pee le ae 4449N | 66 57 W || Oo) | Batons Point: Lt. iv arN | 73 24W 
250 ittlemidver.. Uts-2--222-—- = —Ha oo 
DOOM ELADDysIes; itiees soeeees cet cee 4434N | 67 22 W 270 fae pe site Merchant Fa Geeta, 
P7Onleeetiteviankit Les Wtess-s2-25--- 44 22N 67 52 W Ue LOD 41 15N | 7203 W 
OMe Bakeries beeen wean s 2s 4414N | 68 12 W || 11300 | Race Rock: Lt__--...---------- 
290 | Mount Desert Rock: Lt 43 58 N 68 08 W $103) Little Gullil.: Lt..--..--_- 65-6 41 12N 72 06 W 

10300 | Castine Lara fed ah 44 23N | 68 44W || 320 eg rman Cope ees rat hoa cate 
310 | Bangor 44 48 N 68 46 W .8. Coast Guar cademy-- 

O80nlebalknetsl.tetocs--csce- eee 41 13N 72 39 W 

30 | Rockland i ON | G2 OG W || 40 | New Fenn, Conaeticul——-- | HUN | 
i : 5 ratfor: OMNbs Litesace- one 

Peelers ate Lh 43 47N | 68 51 W || 360 | Bridgeport, Connecticut-..------ 4110N | 73 11W 

350 | Monhegan I.: Lt . | 438 46N 69 19 W } 3 44 W 

360 | Boothbay Harbor 43 51N | 69 38 W a0 proeeeye Rocks: Lt.-.---.---- c e Ne e pil 
ra ial Ci Ra a ee ity DaSpire.<_. -.------..--=-= 

LA Oe Se eeraneaieers ite 43 42N | 69 46 W || 300 | New York, New Vork....----- | 4042N | 7401 W 

Meee a aN 70 BW 11400 New Jersey S 
410 | Cape Elizabeth: Lt------------ 43 34 Wockaliie cc wtosee eee 40 28 N 74 00 
490 | Wood I.: Lt....-.-.---- Ao MEE TO AW Naa lg Ge et BBN hota 02 W 
430 | Boon I.: Lt_.----------- 43.07 N | 70 29 W 430 | Barnegat Inlet: Breakwater Lt. | 39 45N | 74 06 W 
440 | Whaleback Reef: Lt-_---------- 43 04 N 70 42 W 440 | Atlantic City........------------ 39 22 N 74 25 W 

10500 New Hampshir 450 | Hereford Inlet: Lt------------- 39 OON | 74 48 W 

ew mpshire 
Delaware Bay 

10510 | Portsmouth__.....-.------2----- 43 05.N | 70 45 w || 1150 hd be 
520 | Isles of Shoals, White I.: Lt---- | 42 58 N | 70 37W git Piling vot tea Me wee ows 5 re Ue e ‘ad 

amden, New Jersey----- =o 

10600 Massachusetts + riba reg ne sees oe Be ae = » 

ester. ennsywanta...-------- 

10610 | Newburyport. _--.-.------------ 42 49N | 70 52 aa 550 Wilmington, Delaware....------ 39 44N ! 75 33 W 
620 | Annisquam: Lt___..----.------ 42 40N | 70 41 560 | Reedy Point, C. & D. Canal ds Oe 
630 | Cape Ann, Thacher I.; Lt------ 42 38 N | 70 34 W East Entrance: Lt----------- 39 34 N 75 34 
640 | Eastern Point: Lt 42 35 N | 70 40 ad 570 | Cape Henlopen: Harbor of 2s, 
a Manette aeereeene - c = “ a ps us Mefuger lies ees oases 38 49N | 7 

akers iw wsti2.-2-...2 
670 | Salem... .---------- 42 31N | 70 53 ka 11600 Delaware and Virginia 
680 Marblehead_. ee 42 30N 70 51 Sch at gd il nD sae 75 03 W 
Pe boner 42 28 N it 03 W 11300 hams fenpned ese. 37 55 N | 75 21 W 
ssa ali taeeetaeecceeeet 
10 ele i eae cS eae 42 21N | 71.03 W 630 | Hog I.: Little Machipongo Lt.. | 37 27N | 75 40 W 
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EAST COAST OF NORTH AMERICA—Continued 


pncek Place Lat. Long. eon Place 
11700 Chesapeake Bay uth ae 12700 Mississippi 
11710 | Cape Charles: Lt...-.....-...- 37 07 N 75) OAR W | L27LOF (etormM aLGe f 2. ..- 22 
720 | Chesapeake City, Maryland; 720 | Pascagoula___- 
©. & D. Canal: Spire_--.____ 39 32 N 75 49 W SOT | MEStlo zie Se 
730 | Baltimore, Maryland_..-.--..--- 39 16N 76 35 W 7402.) *Ship' Gt 5_.... bestest) at 
740 | Annapolis, Maryland: U. S. 60h BQ ul pore eae aes. _. ee 
Naval Academy_-_.--._____- 38 59 N 76 29 W 
700l PP ointaookout) t_...2 220-55 38 02 N 76 19 W es 
760 | Washington, District of Columbia. | 38 52N | 77 02 w || 12800 Louisiana 
770 | Old Point Comfort: Lt________- 37 00 N 76 18 W : 
780 | Newport News, Virginia........ | 36 58N | 76 26 W || 12810 | Chandeleur Is.: Lt___-_-_______ 
790 | Portsmouth, Virginia_____- _.. | 36 49N | 76 18 W || 12900 | Mississippr RIVER 
11800 | Norfolk, Virginia.........-____. 36 51N | 7618 W a de ee ke Ee ane 
810) |CCape Henry: it. .......-._- 36 56 N 76 00 W 13000 | New Orleans Pisa ais coe 
11900 North Carolina po |(Ghip HuenIE so oS 
11910 | Currituck Beach: Lt_.......--- sepes NUNS Ws AoW || Seuptlég tee ee 
9207 ||, Bodies, "bt: - Sees es =e 35 49 N TOseeW ih a Scher 6 PE BEER e ce 
930 | Cape Hatteras: Lt_____- 35 15 N 75 31 W 
940 | Ocracoke I.: Lt____- 35 06 N 75 59 W || 13100 Texas 
950 ape Lookout: ‘Lt-.-:-2.-5._-3 34 37 N 76 32 W 
0607 |" Beaufort <2 2 2222 ee ea- ees 34 43 N 76 40 W || 13110 | Sabine Pass: Coast Guard Sta- 
970" |“Cape Bear: -=-22+-2-22+s2-52 33 51 N 77 58 W Clon 4 We Bee 82s S43 sors a rets 
980) Wil mingionates tee nee eo 34 14N 77 57 W 120 | Port Arthur__-.-- 
130 Pian mae 2ee 
F 140 alvestom...... =... 
12000 South Carolina 150 Te adrC iy a 
12010 | North I.: Georgetown Lt_._.___- 3313N | 79 11W 160 | Houston —---_______ 
170 | Matagorda I.: Lt___- 
O20ss Charleston. -.-2_------- = 32 47N | 79 55 W 180 Aransas Pass ee 
190 ‘orpus Christi 
12100 Georgia 13200 | Brazos Santiago: Lt_.-_---____- 
12110 | Savannah.....----1---2--2---22 32 05N | 81 05 210 | Brownsville. Sasa - bathe =, 
120) ly bee Laelts. ears Fe 8 32 01 N 80 51 W 
130 | St“Simonsii) Li ave! = be 31 08 N 81 24 W || 13300 Mexico 
140 eBranswicks ee ener. 38 31 09 N 81 30 
13310 Foote BS 775 MDA i tcheaaeme ele 
: 320 am pico se se 28 
Mee porn 830 | Isla de Lobos: Lt 
12210) |wAmeliagle> te eee 3040N | sia7w || 340 | Durpan-_-_.-_-_____-_________.- 
220 | Jacksonville.....___-_.____-.__. 3019N | 8139 Ww || 300 oars Lt__----------------- 
230 | St. Johns Point: Lt -. | 3023N |. 81 24 W 360 io Nautla: Lt__ ~5-=----------- 
240 | St. Augustine...........-.._.__. 2954N | 8119 w || 370 | Punta del Morro: Lt__.._.____. 
250 | Ponce De Leon Inlet: Lt.._.... 2905N | 80 56 Ww || 380 | Arrecife Blanquilla: Lt____.____ 
260 | Cape Canaveral: Lt_.__________ 28 28N | 80 33 W 390 | Anegada de Adentro: Lt________ 
ZiOulmaupitersiniet=| lit eee eee 26 57N | 8005 w || 18400 | Veracr Usa — == - = -—---=----=- - 
280 | Palm Beach..........-.-.--___. 26 46N | 8003 Ww || 410 | Isla Verde: Lt_________ 
290 | Hillsboro Inlet: Lt_...._.__.___ 26 16N | 8005 W 420 | Isla Sacrificios: Lt_..._________ 
12300 | Port Everglades._....-._..______ 26 06 N 80 07 W 430 | Isla Blanquia (Blanca Reef): Lt_ 
310 damit Yt ROK Vai 25 47 N 80 11 W 440 | Arrecife de Enmedio: Lt________ 
320 | Fowey Rocks: Lt__. 25 35N | 8006 W 450 | Arrecife Santiaguillo: Lt 
330 | Carysfort Reef: Lt___..________ 2513N | 8013 W 460 | Punta Roca Partida: Lt 
340 | Alligator Reef: Lt_.....________ 24 51N | 8037 W 470 | Punta Zapotitlam: Lt___-_______ 
350 | Sombrero Key: Lt_.._.___..... 24 38N | 8107 W 480 | Coatzacoalcos (Puerto Merico) ___ 
360 | American Shoal: Lt__._____-____ | 24 32N | 8131 W 400) onal: Lbs 222 soe 
370, ey Wiest. on en eens oe 24 33 N 81 49 W || 18500 | Alvaro Obregon (Frontera) ______- 
380 | Sand Key: Lt.______- 24 27 N 81 53 W 510 | Punta Xicalango: Lt__-_.______ 
390 | Rebecca Shoal: Lt 24 35N | 8235 W 520 | Isla del Carmen: Lt__-_______- 
12400 | Dry Tortugas, Loggerhead Key 530; |PAguada nL. 22 -Seneee 
p/m. el: ai ee.” 24 38 N 82 55 W 540 Champotén: 1 Dipole stabs "awe 
A1Ob MSanibelamly scl ee 26 27N | 8201 W 550 | Punta Morro: Lt___--...__._.- 
420) |; Gasparillade: Li.’ .c.8 o ecllm). 26 43N | 82 16 W 000s |p Campechtsa. ila cece eee 
430 | Egmont Key: Lt___.._._..___.. 27 36 N | 8246 W 570 | Cayos Arcas: Lt__---__- ees 
A40; |b am pase eh to eet 2755N | 8227 W 580 | Triangulo Oeste Arrecife: Lt__ 
£50) SELL eter sUUr gee ee meee etme 27 46N | 8237 W 590) |. Celestuns Ltt s-—-- 
460 | Anclote) Keys; Lt_..2). 2m ul 28 10N | 8251 w || 18600 | Punta Palmas: Lt______________ 
470 | Seahorse Reef: Lt__...._________ 28 58 N | 83 09 W G10, |pSisalsyiba oe 8 no nese 
480 | Cedar Keys: North Bank Lt. 1_| 2908N | 83 06 W 620 | Cayo Arenas: Lt____________ 
490) IGISt dasha ot eons aah 30 09N | 8413 W 630 | Arrecife Alacran: Lt 
12500 | Crooked River: Lt____ 29 50N | 84 42 W 640) [orogresoee Stee — 2 one 
510 | Apalachicola.......______ 29 43N | 8459 W 650) | Yalkubul-sutes 2 
520 | Cape St. George: Lt..._. -.| 2935N | 8503 w || 660 | El Cuyo (Monte de Cuyo): Lt- 
530 | Cape San Blas: Lt_______ _| 2940N | 85 21W 670 | Cabo Catoche: Lt____.-_______- 
040} |W Pore St 0es . wo ee 29 49N | 8519 W 680 | Isla Mujeres: Lt______1-_.-._1.. 
550 | Panama City_____________- 30 08N | 85 39 w || 18700 | IsLa DE CozuMEL 
B60) Pensacola ae tes ees 30 24N | 8713 W 710 |6—RuntaMolas:) Lt_.-- <2. 
oe aa n nee de Cozwmel______- 
= untae Celerain:: it... 2-25 
12600 Alabama 13800 Seale Herrero it ..-cenee nnn 
12610; Sands eite.. seillauNtol asi ||| meee Snen:Chinshore, Cayo. Norie) 
620) (Mobile: Pe 28 tS rare) te Ri 30 41 N 88 07 W S20) eicnlakewlGee 


RESSBSBBSey 
TeSSBaNsess 
LLLALAAZLAZA 


NSSAN SHR OSSRNONNE RENO OROR 


a ooltingd goo oe ae gee 
LZLALZALZLZLALZZLZALZALALALALLZLZALALZZZAA 


ied 
oo 
mb 
ee 


gadacsaaaas 


SoeoooOn ron oR, 


VSI SHOSSSSSHSD RO MOS SRE OER Se HE Sees 
445444255 e 45S eee seeeseeesaeeeaseae 
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EAST COAST OF NORTH AMERICA—Continued 
Index Place Lat. Long. — Place Lat. Long. 
13900 British Honduras Honduras—Continued 
° , ° ¥ ° / ° , 
13910 | Rocky#Pointy Lt)...-<-......-4 18 21 N 88 05 W || 14450 | Isla Roatan: Lt_..-_-------_-.-- 16 18 N 86 38 W 
14000 | TURNEFFE CAyYs 460 | Cabo Falso (False Cape): Lt.-_| 15 13 N 83 21 W 
010 | —Mauger Cay: Lt-._..---------- 17 36 N 87 46 W 
020) = Cave Bokelkt! Lt... ee 17 10N 87 54 W || 14500 Nicaragua 
14100 | LIGHTHOUSE REEF 
110 | —Northern Two Cays, Sanbore 14510 | Cabo Gracias 4 Dios: Lt____---- 15 00 N 83 09 W 
(CON ype 17 28N 87 29 W 620) WiPunta Gordan Liss -- 2 1N 83 12 W 
120 | —Half Moon Cay: Lt-_---.------ 17 12N 87 32 W 530 | Puerto Cabezas__-------- 1N 83 23 W 
TA200) Rebselizee Lb Re oe were 17 30 N 88 11 W 540 | Little Corn I.: Lt 8N 82 59 W 
210 |eBugleiGa ys Lt.s-.25.-.2-Jsi - 3 16 29N 88 19 W 650 IMBlueiields £235 ae eee FS 1N 83 45 W 
220 | East Snake Cay: Lt._.._..-..-. 16 13 N 88 31 W 560 | San Juan del Norte (Greytown) _-| 10 56 N 83 438 W 
14600 Costa Rica 
14300 Guatemala 
TAG 10 GIL 101 ee ee ee 10 00N 83 01 W 
14300) |) PrertonBerriose-<-.--.=.-2-=-=- 15 44N 88 36 W 
320 | Cabo Tres Puntas (Cape Three 14700 Panama 
pp iteiee lute = Ses ees eee 15 57N 88 36 W 
I471G) MAT miventese = =... 25 oe 918N 82 24 W 
720 | Punta Toro (Cape Toro): Lt..-| 9 22N 82 12 W 
14400 Honduras 730 | Toro Point: Lt 9 22N 79 57 W 
740 | Cristobal, Canal Zone 9 21N 79 55 W 
TASH, | RPeerto Cortés. 22. 3E CT. 15 50N 87 57 W 750 OLDE ME ee 9 22N 79 54 W 
420 | Punta Caballos: Lt_____-------- 15 52N 87 58 W 760 | Farallon Sucio: Lt- 9 39N 79 38 W 
Ba cide Le Bb 32-2 15 46 N 87 27 W 770 | Isla Grande: Lt_- 9 388N 79 34 W 
BA We tilart Deets enn 16 08 N 86 53 W 780) |euVombrezdel Dig. _.-.--.--- 2 _ = 9 35 N 79 28 W 


WEST COAST OF 


Panama 


PSlanPantinto?: Mtoe bo 
sla Sand Ose wt 5 
Tsld Pacheca:) Li... 
isla Chéepillo slits. 
VEG CT NGA S ee en aes 


Balboa, Canal. Zone. ..--2-. = 2282 
isla Tabocuillia: Lt...._______2.. 
PSIG BORE Bly Uc ean = 
Punta Mala (Cape Mala): Lt_- 
Rrailes delisur: Lt......-.-.---- 
Morro de Puercos: Lt- -- a 
Isla Jicarita: Lt--------- : 
PPETEO VAS UCU CS jp creams on sm 
isla Bunied? Lt... 


GQOlpitome ees ee eee kc 288 


Punta Quepos 
Isla Herradura (Isla Cafio): Lt - 
Pantera. 22.U. 2 <.-~-43..35 
Isla Cabo Blanco: Lt_---.------ 


Nicaragua 


Sanisiuan. del SUT. .-.-.--<--=-=- 
LOU b ee Be. iccsancen ass se--54 


Honduras 


PAUNOPUMies otas Sane ain mae a 


E! Salvador 


PIR CG LCT fetes ee che ee ig 
Pia Erbertad oi vx <2 ends s sezes-= 
Acajuia™s. 2-12-28 2. a. seas ee eee 


Guatemala 


Puerto de San José-_------------- 
Champerico 
MiCOs EMI. 2 = yo seen nesce< 


° , 


78 19 W 
79 08 W 
79 04 W 
79 08 W 
79 32 W 


53 
87 11 W 


87 39 W 


87 50 W 
89 19 W 
89 50 W 


nes 
=Ss 
=== 


15700 


NORTH AMERICA 


Mexico 


Sai: Benue. sauce Saacccece 
Salina Cruz, Golfo de Tehuan- 

aye | ee eee eee 
Puerto Angel (Port Angeles) _..-- 
Punta Galera: Lt 
Punta Maldonado: Lt_--------- 
PCG PUICO Be ae a nes 
La Roqueta (Grifo I.): Lt__---- 
Punta San’ Telmo; Lt_-...-... 
Punta Campos: Lt...---=+--+ 4 
Man 200 un none assennanncses 
Cabo Corrientes: Lt------------ 
San! Bilas: Wits 2..-2.-<2.-65- 2h 
Isla Maria Madre: Lt-_--------- 
IC a 


Isla Lobos: Lt---- 
Guaymas - - - ---- 
Cabo Haro: Lt- 
Santa Rosalia-.-- 
Mulejé: Lt_--_-- 
Loreto: Lt_-.- 
WoLPagee -4.=2---. 
Punta, Prista: Lt...----LA-<s6 
Bahia San Jose del Cabo: Lt--- 
Cabo: San Lucas. 2--- 2-458 se 
Cabo PalsowLt. feec 554 3------ 
Punta; 'Posea:: Lt....---.----=--< 
Punta Redonda: Lt-_-.-.--------- 
Cabo San Lazaro: Lt-_---------- 
isla, Natividad: Lt__.--sese=2232 
Islas San Benito, Benito del 
Oeste: tl = 2. 22. 2 eee 
Isla Cedros (Cerros I.): Lt_----- 
Isla Todos Santos: Lt_--------- 
LEELA a, 5 


California 


INGHONGUONY = oan nee ncceersss== 
SU7t ISEGO Whee oe eases ces == 
Point Loma: Lt 
Newport Beach-- 
Long Beach----- 
Ws An GeleeWen cae = <cene-- 2 =-4 
San Pedro-.--- 
Wilmingtonma 22 -=.------=22<22 
Pointwermin:: Lt... +22---=---4 


Nwry tt et 
RBESSSSaas 
Pe WWNOOM RO 


NHYYOHNHHNHHNN 
RSERSSNSSNBS 


24 


NNWONKWRrOOF 


8 


8Ss 
ZLZLZZLZLZLZALZAZLZLALLAZLZZZALZLALLAZAZ 


hh el ll 
RKONN ROO, 


3 


° 
~ 


re) 
i) 
N 
= 


a 
= 
_ 
tw 
CMmOor@src 


3 
3s 


118 16 W 
118 16 W 
118 18 W 
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WEST COAST OF NORTH AMERICA—Continued 


Place : NiO! Place 


California—Continued a Washington—Continued 
Point Vicente: Lt 118 25 W PuGcET SOUND 
SANTA BARBARA ISLANDS —Seattle 
(CHANNEL ISLANDS) 
—San Clemente I., Pyramid 
Head: Lt 118 21 W 


118 36 W Smith I.: Lt 
Anacortes 
Bellingham 

Point Roberts: Lt__ 


Skipjack I.: Lt 

—Santa Cruz I., Gull I.: Lt___- Turn Point, Stuart I.: Lt 
—Anacapa I.: Lt Kellett Bluff: Lt 

Port Hueneme 
Santa Barbara A, : 
Point Conception: Lt British Columbia 
Point Arguello: Lt 

San Luis Obispo: Lt 
Point Piedras Blancas: Lt 
Point Sur: Lt 


Orww 


RSeESSRASSSuRS 
ZAALZLZAZLZLAZAALZLAZA 
44444444 es4S43 


3 


VANCOUVER ISLAND 

— Victoria 

—-Esquimalt 

-—Race Rocks: Lt 
—Sheringham Point: Lt__ 
—Carmanah: Lt 
—Pachena Point: Lt 
—Cape Beale: Lt 
—Alberni 

—Amphitrite Point: Lt 
—Lennard I.: Lt 


MeO Roc 


Pigeon Point: Lt 
Point Montara: Lt 
Mile Rocks: Lt 

SAN FRANCISCO BAY 
—Aleatraz I.: Lt 
—San Francisco 
—Redwood City 
—Alameda 


= 
iS 
ie) 

PRB ODRIDS 


WwWNOMNATH 


SSSSSE5 
HIN SSSSISRGHeSS4BoOR 
ZZLZLZ2 ZALZLZAZLZALZALZAALZAAALAZALZ 
Re 
Kos 


Oo 


dededetet tao ae 

NNNNNNNNNNLN 

WONNNKFNNHNNNN 
1 


QUEEN CHARLOTTE ISLANDS 
—Cape St. James: Lt 
—Langara I.: Lt 

—Lawn Point: Lt 

Ocean Falls 


RFPONANnNDHNOMNaAH 


an 
iS] 
wo 


Point Reyes: Lt 
Point Arena: Lt 
Point Cabrillo: Lt 
Cape Mendocino: Lt 
Table Bluff: Lt 


Trinidad Head: Lt___ 
St. George Reef: Lt 


SSaSz sgaauer 
44444 4445 eeeeeseeeeeseaaas 


Or orerD 


Alaska 


WwW 
WwW 
WwW 
WwW 
WwW 
WwW 
WwW 
Ww 
WwW 
Ww 
WwW 
WwW 
WwW 
AW 
WwW 
WwW 
WwW 
WwW 
WwW 
WwW 
WwW 
Ww 
WwW 
WwW 
WwW 
W 
WwW 
WwW 
W 
WwW 


NOrOR 


Tree Point: Lt 
Oregon Barren I.; Lt. 
Ketchikan 

Cape Chacon: Lt 
Cape Muzon: Lt 
Cape Bartolome: Lt 
Wrangell 

Petersburg 

Cape Decision: Lt 
Cape Ommaney: Lt 
Sitka 

Columbia River Cape Edgecumbe: Lt 
Klokachef I.: Lt 


Cape Blanco: Lt 
Cape Arago: Lt 

Coos Bay (Marshfield) - 
Heceta Head: Lt___- 
Yaquina Head: Lt 
Cape Meares: Lt 
Tillamook Rock: Lt 


4445225 


Astoria, Oregon 
Longview, Washington ___- 
Portland, Oregon 
Vancouver, Washington Cape Spencer: Lt 
Ocean Cape: Lt 
Washington 90 | Yakutat 

P F Cape St. Elias: Lt 
Cape Disappointment; Lt Cape Hinchinbrook: Lt 
North Head: Lt 


Crates 
SSIISLEZS SSIBESSSSNEALSSSSSRESENSS 
ZALALAALA LAAAAAAAAAALAALLALALALAAZ 


2SSSSS 


Point Elrington: L 
pape Resurrection, Barwell I.: 
t 


Cape Flattery, Tatoosh I.: 
Slip Point: Lt East Chugach I.: Lt 
Perl I.: Lt 

Port Angeles East Amatuli I.: Lt 
New Dungeness: Lt Flat T.: Lt 

Port Townsend 122 45 W Seldovia 


151 44 W 
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WEST COAST OF NORTH AMERICA—Continued 


Place ‘ Place 


Alaska—Continued Aleutian Islands—Continued 


Dutch Harbor 

Makushin 

Seguam I.: Lt 

Atka I., North Cape: Lt 

peer Sitkin I., Swallow Head: 
t 

Adak T., Sweeper Cove 

Amchitka I., Constantine Harbor - 

Kiska Harbor 

Shemya I., Alcan Harbor 

Attu I., Massacre Bay 

PRIBILOF ISLANDS 

—St. Paul I., Village Cove 


Kalgin I.: Lt 

East Foreland: Lt 

Anchorage 

Afognak I., Tonki Cape: Lt_-_-_- 
Spruce Cape: Loran Station__-_- 


L 

Cape Alitak: Lt 

Cape Uyak: Lt 

Raspberry Strait, Cape Nuni- 
liak: Lt 


oo 


Alaska 


BSB 


AALZAALLAZALZAAZ ZALZLZALZLZLZAZ 


SHUMAGIN ISLANDS 
—Cape Wedge: Lt 
—Sand Point 
—Unga Spit: Lt 
Arch Point: Lt 
Wiasikelss:, Lt. 2... eae 
King Cove 

Hague Rock: Lt 
Sanak 

UNIMAK ISLAND 
—Cape Pankof: Lt 
—Scotch Cap: Lt 
—Cape Sarichef: Lt 


Aleutian Islands Sledge I.: Lt 

Cape Rodney: Lt-_--- 
Akutan Harbor: Lt Point Spencer: Lt-_- 
020 | Unalaska Grantley Harbor 


Wo &b 
Nw [oe od He) 


OOP Wwo 
NW NRPWNNWW 


Dillingham 

NUNIVAK ISLAN 

—Cape Mohican: Lt 
—Nash Harbor 

St. Lawrence I., Savoonga 
Point Romanof: Lt 

St. Michael 


BSRSRBRRSe Sa28ERS 
A2ZZZA AAALAAAAZA AAAAAA ZZ 
None Pee 


424 S4aeeeee saeeee Se5 444444444255 


PO PNAS 
Sar SRSSEE 


Who 
oro 


HAWAIIAN ISLANDS 


Hawalt Mo.oxkai—Continued 
—Kauhola Point: Lt —Makanalua Peninsula: Mo- 
—Kukuihaele Landing---_--- lokai Lt : 156 58 W 
—Laupahoehoe Point: Lt-- OAHU 
—Pepeekeo Point: Lt —Makapuu Point: Lt 157 39 W 
—Paukaa Point: Lt —Diamond Head: Lt 49 W 
—Hilo ; —Honolulu 52 W 
—Cape Kumukahi: Lt —Pearl Harbor 58 W 
—Ka Lae: Lt —Barbers Point: Lt 06 W 
—Kauna Point: Lt —Kauna Point: Lt 17 W 
—Napoopoo —Kaneohe Bay, Pyramid Rock: 

—Kailua L 46 W 
—Keahole Point: Lt 
—Kawaihae 
—Mahukona 

MAUI 

—Kauiki Head: Lt 
—Hana Bay 


coor 


NaF kOe 


24 W 
18 W 
—Nawiliwili Bay 21 W 
—Makahuena Point: Lt 27 W 
35 W 


36 W 
46 W 
06 W 


—Cape Hanamanioa: Lt Niihaw I., Nonopapa Ai 


Molokini I.: Lt : 156 30 W ee yen 
eee eet Fon 156 40 W French Frigate Shoals, East 1_-- 13 W 
Gardner Pinnacles 00 W 


—Cape Kaea: Lt 156 58 W Laysan I 44 W 
Ray nalanen Harbor 157 00 W Lisianski I 58 W 
MOLOKAI Mipway ISLANDS 
—Laau Point: Lt 157 18 W P 23 W 
—Kaunakakai 157 02 W 24 W 


BBESSSZESSSSEE 
hE HSRESSReRSSSss 


S8s 
ZAZAZALZLZLZLZZ A2ZAZAZLZAZAZLZLZAZLZAZAZA 


—Hawea Point: Lt---- 
— Lahaina 


SSLLSS88 


wa 


8 
i) 
oan 
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WEST INDIES 
Index 
No. 


Jamaica 


Morant Point: Lt 

Port Antonio 

Galina Point: Lt_ 

Montego Bay 

South Negril Point: Lt 

Little Pedro Point (Port Kaiser) - 
Portland Point: Lt 

Port Royal 

Kingston 


Grand Bahama, Southwest 
Point: Lt 


Noe 
ona 
aan ~ 


44444see5 


Great Stirrup Cay: Lt 

Great Abaco I. (Hole in the 
Wall): Lt 

Elbow Cay (Little Guana): Lt_- 

Andros I., N. end: Lt 

Nassau 


Cat I., Devils Point: Lt 

San Salvador (Watling I.), 
Dixon Hill: Lt 

Long I., South Point: Lt 

Bird Rock, Crooked I.: Lt 

Castle I.: Lt 


BSSRSEY 
ZALZLZLZLAAZLz7 
ReSeugaye 


Caribbean Sea 
Navassa I.: Lt 
CAYMAN ISLANDS 
—Cayman Brac: Lt 


—Gorling Bluff, Grand Cay- 
man: Lt 


Owwr Coane Cwoowa mee 


BaROoOo TAKER NIDWAONHe 
Z2Z44Z 24422 A22ZZZ2Z2 2ZAZZ 


Quita Sueno Bank: Lt 

Isla de Providencia (Old Provi- 

Cuba dence I.): Lt 

Cayos del Ese (Courtown 
Cays): Lt 

Roneador Bank: Lt_- 

Serrana Bank: Lt__-_ 


Punta Maisi (Cape Maysi): Lt- 


Cayo Grande de Moa: Lt 
Puerto Tanamo ae 
ie: 


ono 


44444 4445 


Haiti 


Puerto Banes_____-- 


n Cap-Haitien 
Cabo Lucrecia: Lt 


Pointe Picolet: Lt 

Pointe Ouest, Tortuga: Lt 

Cap du Mle (Cape St. Nicolas 
Mole): Lt 

Pointe Saint-Mare: Lt 

Les Areadins: Lt 

Port Au Prince 

Pointe Lamentin: Lt 

Ile de la Gonave, Pointe Fan- 
tasque: Lt 

Banc de Rochelois: Lt 

Cap Dame-Marie: Lt 

Ile A Vache: Lt 

Jacmel 


a 
00 


0 
3 
54 
20 
3 
4 
3 
5 
0 


ITAIwe 


Maternillos: Lt__- 

Cayo Verde: Lt 

Cayo Paredon Grande: Lt 

Cayo Caiman Grande: Lt 

Cayo Frances: Lt 

Caibarién 

Cayo Fragoso: Lt 

La Isabela (Sagua la Grande) -__- 

Cayo Hicacal: Lt 

Cayo Bahia de Cadiz: Lt 

Cayo Cruz del Padre: Lt 

Cayo Diana; Lt 

Cardenas 

Cayo Piedras del Norte: Lt 

Punta de Maya: L 

Matanzas 

Punta Seboruco: Lt 

Castillo del Morro 
Castle): Lt 

Habana ( Havana)_-_- 

Puerto Vita 


ZA2L2ZLZ 222 


FPwonow 
SOmMODNH 
444422 

S8boS 


RoReee 


4gaaddaaaa 
AZ 222 


Dominican Republic 


Isla Alto Velo: Lt 

Punta Palenque: Lt 

Jaina (Puerto Rio Haina) 

Santo Domingo (Ciudad Trujillo) - 
San Pedro de Macoris 

La Romana 


Gea se eels 
ND 
109 00 

O00 


Cabo Engano: Lt 
Cabo Samana: Lt 
Cabo Viejo Francés: Lt 
Puerto Plata 


oanoo OCWAMWONWANONORFONOCOONNNAAH NNO 
24 A2LZLLZALZZZZLZZ AZAZLZAZAZAZLZALZALALAZAZLAZLAALALZLZLZALZAZZ ZAZZ 
SSS RSE 


—OD~IUHAT 
ZAZLZZAZLZLZLLZZ 


Punta Gobermadora: Lt 

Cayo Jutias: Lt 

Cayo de Buenavista: Lt___ 

Cabo San Antonio: Lt 

Cabo Corrientes: Lt 

Cabo Francés: Lt 

Isla de Pinos, Caleta Cara- 
pachibey: Lt 

Surgidero de Batabano 

Cayo Guane del Este: Lt 

Cienfuegos 

Punta Colorados: Lt 


LS a te 


gagaasdadaaa 


BS 
ZZ 


wOne 


ZAZLZALZZz ZALALZLZLAZLZ 


Punta Borinquen: Lt 
San Juan 


a) A BESOIN a SS SESE OHP KEP RrOMTRWWRNORKWHOOOOSf ee DOR 
=~ AON r& 


gZgage dasagcee 


mem Or orocr or or [SB ell el 
Ore Orsay re co 


19 57 N Lesser Antilles 


Windward Point, Bahia de Isla de Vieques, Punta Este: Lt_ 


Guantanamo: Lt 19 53 N Isla de Cul - 
Punta Caleta: Lt 20 04 N dado! eee RCE 
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APPENDIX S 
MARITIME POSITIONS 


WEST INDIES—Continued 


Index 
Nal Place Lat. Long. meas Place Lat. Long. 
Lesser Antilles—Continued ane er Lesser Antilles—-Continued 
° / ° / 
22900 | VIRGIN ISLANDS 23500 | St. Lucta 
910 | —Buck L.: Lt__.. sttnesu eee 18 17N 64 54 W GPO @ —- Castres: ek 14 01 N 61 00 W 
Ms Sieeerere “awenaie St. Thomas I_ 3 a aN Mo ie Ww 520 | —Brandon Point (Cape Moule 
——Sb, oP ONIN d 22 eh eek nae. 2 5 a @hique)s Li... 202208 f 
940 | —Frederiksted, St. Croix I_ 17 48 N 64 53 W |! 93600 mine ies : oa 
950 | —Road Town, Tortola I__- 18 25N 64 37 W 610 | Harri hop, 
a Prison Point) teens see seo 59 39 W 
960 AseGada Ls =-2222sause tei 18 45 N 64 20 W 620 | —Ra late 
: gged Point: Lt___- 59 26 W 
23000 |" Sembrero: t= ---2--2-=--30 18 36.N | 63 26 W 630 | —Bridaetown 59 37 W 
010 | Anguilla: Lt_---222-2--22222 1812N | 63 06 W a Be este ae 
23100 | ite Savr-Marmin amo | ‘The Grenadines, Carriacou 1] 12 28N | 61 27 W 
110 | —Marigot (France)-.---.-------- 18 04N | 63 06 W ; ey ‘ 
120 | —Filipsburg (Netherlands) ____- 18 01N | 6303 W ba blo er LS LORaRiD eo CW. 
jm ay ; Saint Georges oe eee ee 5 
mp | guts fe Sun Baring | EN | LW | S| Sale Bone Gc] BN | BW 
220 | Oranjestad, Sint Eustatius _._-_- 17 29N | 62 59 W || 23900 | Scarborough, Tobago._-----------) 11 1 N | 60 44 W 
230 ee St. Christopher (St. Eo a Bree PERE cre So i} a a . ie bl 
HLS) MR os one ao 17 26N | 62 48 W 0 ques: Lt_...------------- 
240 | Charlestown, Nevis I___--------- 17 08 N 62 37 W || 24000 | BONAIRE 
200 Me Bar OMds Ba 2a tee 17 38 N 62 48 W 010 | —Boeca Spelonk: Lt__-__-______-- 12 14N 68 12 W 
260 | Saint Johns, Antigua-_-_--------- 17 07 N 61 50 W 020 | —Lacre Punt: Lt 68 14 W 
cas dcp Pipe How 4 42 N 62 14 W 080 (8 nalen diye. ie oe ee eS : 68 17 W 
asse-Terre, Guadelowpe-_-__----- 16 00 N 61 44 W ara A 
290 | Pointé-a-Pitre, Grand Terre.___- DakNUREGL BAW Sees dee tee Lie ee 1 Orci ee. 
23300 | La Desirade: Lt__.-----.------- 16 20N | 61 01 W || 24200 | CuRacao 
310 | Grande Bourg, Marie Galante_._| 15 53 N 61 19 W 210 —Caracas BUG oe eee 68 52 W 
320 | Isla Aves (Bird I.)-.---.-------- 15 42N | 6338 Ww || 220 | —Willemstad_ 68 56 W 
330 Roseau, Dominica__..----------- 1517N | 6124 W || 230 | —Bullen Baai__-.--------------- 69 01 W 
23400 ARTINIQUE 24300 | ARUBA 
AIO Wl Tate Neb AA eset 3 14 45 N 60 58 W 310 | —Sint Nicolaas__........-------- 69 54 W 
420 | —Caravelle: Lt_-----._.-.------ 14 46N 60 53 W 320 | —Oranjestad______------- 70 02 W 
430 | —Fort-de-France____..---------- 14 36 N 61 05 W oO Ht Dre Oo Ea UA be slets 70 04 W 


EAST COAST OF SOUTH AMERICA 


a cm ET PR RR TSE 


25000 Colombia ‘ H 25600 Surinam } 
yg | A °o / ° 
25010 ‘Isla Fuerte: Lt.......2.b5- 28s. 9 24N 76 11 W ||| 25610 | Paramaribo__...-..-..-.._b.:22 5 49 N 5 09 W 
O20 dPisia Peésovo: t= --co. 2-2 10 14N 75 44 W 620 | Galibi, Maroni River: Lt--_--_-- 5 45 N 53 59 W 
030 | Isla Tierra Bomba: Lt-_-._-_---- 10 21 N 75 35 W 
O40 i Certagenadis 2 2. eee os 10 19N 75 35 W || 25700 French Guiana 
050 | Punta Canoas: Lt_---- 10 35 N 75 30 W PR . 
060 | Punta Hermosa: Lt 10 58 N 75 01 W || 25710 | Ile Royale, Iles du Salut: Lt---.| 5 17N 52 36 W 
070 iP Barranquilla... . ace 1100N | 74 48 W 720 i) lL) Bnfant) Perdu: Lt:._----<-43 503N | 5222W 
080 | Santa Marta__..-...---------.-+ 1115N | 7413 W VOOM CAVENTNE! Oh tater ct 456N | 5220W 
090 | Cabo de la Vela: Lt 1213N 72 10 W 
25800 Brazil 
25100 Venezuela 
25810 | Ilha de Maracé: Lt_._---_------ 212N 50 17 W 
OG UO MPa ACHIUO DLs ecu, Sew te 10 388. N 71 37 W 820 | Ilha Bailique, Amazon River 
ee 2. ae Se 11 42N 70 13 W (Rio Amazonas): Lt-..----.-- 1 00 N 49 55 W 
130 | Punta Macolla: Lt 12 066N 70 13 W 830 | Ilha Machadinho: Lt-_-_--.----- 0098S 48 44 W 
140 | Cabo San Roman: Lt___------- 12 12N 70 00 W 840 | Cabo Maguari, Simao Grande: 
150 | Cayo Borracho: Lt 10 59 N 68 15 W ii 21S 2 aera 0178S 48 25 W 
160 | Puerto Cabello 10 29N 68 01 W 850 «| Belém ‘(Ward) --2-.-3..- 1278 48 30 W 
10 WEG Guat os eee 10 387 N 66 56 W 860 | Ilhas das Gaivotas: Lt 0358S 48 03 W 
180 | La Tortuga, Punta Oriental: Lt_| 10 55 N 65 13 W 870 | Ponta Atalaia (Salinépolis): Lt_| 0 36S 47 22 W 
WOO WE Guaitd! Pe fc eeepc 10 14N 64 36 W 880 | Ilha Boiucucanga (Camara- 
25200 | Puerto Sucre 10 28. N 64 11 W A SSUPLD SA euch da eee 0505 46 38 W 
210 | Isla de Margarita, Cabo de la 890 | Ilha Maiau (Sao Joao I.): Lt_--| 11758 44 565 W 
Isla (Cabo Negro): Lt_------- 1110N 63 53 W || 25900 | Ponta Itacolom{: Lt__---- 2108 44 25 W 
220-|-Cartipano______---_------- 4535-2 10 40 N 63 15 W 910 | Sdéo Luts (Maranhdo) -- 23258 44 17W 
S| GRU eran a 10 34 N 62 18 W 920 | Ilha de Santana: Lt..---------- 2168 43 36 W 
240 | Caripito 10 10 N 63 03 W OS0RINT DiGia.. 23S seer ett) AEE 28 2468S 42 16 W 
25300 | Rio ORINOCO 940 | Ponta Pedro do Sal: L 2508S 41 44 W 
310 | —Punta Barima: Lt____-------- 8 36 N 60 25 W 950.) Parnas) @ascniccaus seek sees 3008 41 46 W 
320 /)—Puerto Ordaz_....5.-2J2b S228 8 22N 62 42 W 960 | Ponta de Itapagé: Lt 2508 40 00 W 
970 || Fortaleza (Ceara) -_-.-._-_..---~-. 3438 38 32 W 
25400 Trinidad 980 | Ponta de Mucuripe: Lt_----.--- 3428 38 28 W 
990 | Rochedos de So Pedro e Sao é 
25410 WW) Icacos*Point:. Lt. 2 s-.dst ht 10 04 N 61 56 W Paulo (St. Paul Rocks) ------- 0 56N 29 22 W 
420") Port-0f-Spain... 22 Jive 10 39 N 61 31 W || 26000 | ARQUIPELAGO DE FERNANDO 
430 | Chacachacare, Dragons Mouth DE NORONHA é 
(Boea de Dragon): Lt.___----| 10 42 N 61 45 W 010 | —Atol das Rocas: Lt 3518 33 49 W 
440 | Galera Point: Lt_.L2--2. 222 10 50 N 60 55 W 020 ||| =ha*Rata:) Lt. 2)_25_. Ss eeeess 3 49S 32 23 W 
26100 | Cabo Calcanhar: Lt__---------- 5108 35 29 W 
25500 British Guiana 110 | Cabo de Sao Roque: Lt--------- 5 298 35 15 W 
120 aN GE ee ee eee US 54758 35 12 W 
25510 ||, Georgetown. -2-..-.-5---- 204-222 6 50 N 58 10 W {30 40 Ponta Pinto: Lil 22. Sen ct. 5 488 30 11 W 
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MARITIME POSITIONS 
EAST COAST OF SOUTH AMERICA—Continued 


Tesh Place Lat. Long. ee Place Lat. Long. 
Brazil—Continued 27000 Rio de la Plata 
° / ° , ° , °o , 
2GI40L WR @abedelon ses ae ae ae one ee ee 6 588 34 50 W || 27010 | Punta del Este: Lt__----------- 34 58S 54 57 Ww 
150: is Ponta de Pedras: Lt_...-....... 7388S 34 49 W 020 | Maldonado, Uruwguay-_-_---------- 34 55S 54 58 W 
160) ||) OlinGacsMLt = ets eee 34 Sk 8018S 34 51 W 030 Punta Negra: iit2=se5- 22 _ ==> 34 5458 55 15 W 
170 | Recife (Pernambuco) __--.------- 8048S 34 53 W 040) 4|)isla ‘devRlores:) LG._-----.__-..-.- 34 578 55 56 W 
180 | Cabo Santo Agostinho: Lt--__-- 8 20S 34 56 W 050: |sPunta Brava; Lio 2 ees 34 568 56 10 W 
190a\) Hamandaré. 22.0 ee 8 448 35 05 W 060 | Montevideo, Uruguay_-.--------- 34 54S 56 13 W 
26200) |, Maceio_—. 2-8 _-_— 9408S 35 44 W O70isiiva Ranelar tes s2- 2 s-=- 2 oe 34 55S 56 27 W 
210 | Aracaju: Lt 10 58S 37 03 W 080 i 0 34 28S 57 51 W 
220 | Ponta Itapua (Itapoan): Lt____| 12 57S 38 21 W 090 | Rosario, Argentina___ 32 578 60 38 W 
230 | Ponta de Santo Antonio: Lt____| 13 018 38 32 W || 27100 | Isla Martin Garcia: Lt_---_.--- 34 11S 58 15 W 
240 | Salvador (Baia) (Bahia) __-__-_-- 12 58S 38 31 W 110 | Buenos Aires, Argentina_-___--- 34 36S 58 22 W 
250 | Morro de Sao Paulo: Lt_______- 13 238 38 55 W 120 | Puerto de La Plata, Argentina-_-| 34 52S 57 54 W 
260) |; Camiamuee 2 Ss oe ee 13 548 39 02 W Punta Piedras: Lt__-_---------- 35 278 57 09 W 
270 | Ilhéws (Séo Jorge dos Ilheos)__._| 14 488 39 02 W 130 | Gabo San Antonio, Punta 
280 | Morro Pernambuco: Lt--.-.---- 14 485 39 01 W 140 Rasa® Dt O- tec=s ere -5 oe oe 36 18S 56 47 W 
290 dn Belmonte lates: seen ee 15 5158 38 54 W . 
26300, Porto Seguros LGeeee ee 16 26S 39 04 W 
310) Ponta Corumbauslt-=— 22-22 16 5628 39 07 W 
320) | Ponta.de Baleiay bt. 222) 25222 17 418 39 08 W 
330 | Parcel dos Abrolhos: Lt___----- 17 58S 38 42 W 36 53S 56 41 W 
340 We Rio DocewmLt=-2------2 = eee 19 378 39 49 W 37 28S 57 07 W 
SOO MME Viborigwt Be sen 2019S 40 20 W 38 06S 57 33 W 
360 | Ponta de Santa Luzia: Lt_____- 2019S 40 16 W 38 35S 58 42 W 
370 | Ilha Escalvada: Lt._.--.------- 20 448 40 26 W 38 51S 60 03 W 
380) |, Liha.do Pranc6z:! t__.----__---_ 20 548 40 46 W 39 00S 61 16 W 
390 | Cabo de Sao Tomé (Sao 27300 | BAHiA BLANCA 
homer Weseceee see a eee 22 03S 41 03 W 310 $0 — Penta Alia occ cee eee 38 53S 62 06 W 
26400 | Ilha de Santana: Lt____________ 22 268 41 42 W 320 | — Ingeniero White___- 38 48S 62 16 W 
410i Cabouknio: tess cs a eee 23 01S 42 00 W || 27400 | El Rincon: Lt 39 23S 61 01 W 
420 | Ponta Negra: Lt_- 22 58S 42 40 W 410 | Faro Segunda Barranca: Lt__--_} 40 47S 62 16 W 
4308): llbaseMianicas: ts 522 ee eee. 23 01S 42 55 W 420 ‘(P Rio Negro? Lt: 22.02 5.2 22! 41 04S 62 50 W 
440 ‘|’ Tha ‘Rasa. (Raza): Lt...2--._- 23 048 43 09 W 430 | Faro San Matias: Lt. ..2-- 222 40 49S 64 43 W 
450) | io de Janeiro--- ==. ==) ee 22 5458 43 10 W 440 | San Antonio Oeste__--.-__------- 40 44S 64 55 W 
460 | Ilha de Palmas: Lt___._-._____- 23 02S 43 12 W SOO" | we Unita dNONges kabaee= ne ae cae eae 4205S 63 46 W 
470 | Ponta de Guaratiba: Lt_______- 23 05S 43 34 W 460 | Punta Delgada: Lt. 22-2 _ 2222. = 42 46S 63 38 W 
480 | Laje da Marambaia: Lt________ 2307S 43 50 W 470 |. Morro.Nuéyos Tit_.--. 222222222 42 53S 64 09 W 
490 | Ilha Grande, Ponta da Cas- 480 \ Puerto Madryeee-- =. 2 ne 42 46S 65 02 W 
COLO WG een es ee eee 23 10S 44 06 W 490) | Pun tacNiniacsafeeee a eee 42 58S 64 19 W 
26500) ||| diha Pau, a Pinos Up ses-ss-s-e-= 23 06S 44 07 W || 27500 | Cabo San José: Lt__-.---______- 44 318 65 18 W 
B10) |) -Angnasdos Reiss. = ae 23 01S 4419 W 610: |) Isla Rasa iiteeen. nae eee 45 06S 65 24 W 
520 | Laje do Coronel: Lt____________ 23 06S 44 24 W 520)! Islatieones lit sess 2 eee eee 45 03S 65 37 W 
630 | Ponta Joatinga: Lt.__.__._____- 23 18S 44 30 W 530 | Cabo Aristazabal: Lt__________- 4513S 66 32 W 
640 4!) Whaydar Vit orias; Lt 2-2. ese 23 45S 45 01 W 540 | Cabo San Jorge: Lt_._..__.-._.- 45 47S 67 23 W 
550 | Ilha de Sao Sebastiéo, Ponta 550 | Comodoro Rivadavia_____.-_--_-- 45 62S 67 28 W 
do, Bois, Lie. =... Bases t es 23 58S 45 15 W 560 | Cabo Blanco: Lt 47128 65 45 W 
560 | Ilha de Alcatrazes: Lt_________- 24 06S 45 42 W S20 Deseado: Mt 2. ss ae 47 458 65 54 W 
570 | Laje de Santos: Lt__.._-_._.___- 2419S 46 10 W 580 | Isla Pingiiino (Isla Penguino): 
580 | Ilha Moela: Lt 35 46 16 W iL fae See ee ea 47 55S 65 43 W 
690 | Sanfos__..-__- eee ame sense n oe 6S 46 19 W 690 | Cabo Curioso: Lt---__.__._.-_.-- 49118 67 37 W 
26600 | Laje da Conceicéo: Lt________-- 24148 46 40 W || 27600 | Cabo San Francisco de Paula: 
610 | Ilha Queimada Grande: Lt_____| 24 29S 46 41 W LB pa eRe ne" i ns 49 448 67 438 W 
620 | Ilha de Bom Abrigo: Lt_____.__ 25 078 47 52 W 610 | ‘Sente (Cruze. 50 01S 68 31 W 
630 | Ponta das Conchas, Ilha do 620 | Cabo Buen Tiempo: Lt___--_-- ol 33.5) 68 57 W 
Mel Lte ¢ eee eae Re 25 33S 48 17 W 630: {0 Feiol@allegoss = ane = ees Bane 51 378 69 13 W 
6400 Paranaguas. eee 25 308 48 30 W 640 | Cabo Virgenes: Lt_.__...._.___- 52 208 68 21 W 
650 | Ilha Caioba (Caiova I.): Lt---._| 25 52S 48 33 W 650 | Punta de Arenas: Lt___________ 53 09S 68 13 W 
660 | Sdo Francisco do Sul___----_---- 261558 48 38 W 660 ("Cabo Peas Lt =. -s-8 seeee 53 51S 67 35 W 
O70 ap iihavdavPazs (jess ss ee ee 26118 48 29 W 670 | Cabo San Diego: Lt_______-__-- 54 40S 65 07 W 
680 | Ponta das Cabecudas: Lt______- 26 56S 48 37 W 680 | Islas Alo Nuevo, Isla Observa- 
690 ti} ha idaiGalé? Lit... Se eee 27118 48 25 W Corior elite feet 2 Barre eels wees 54 39S 64 08 W 
26700 | Ilha do Arvoredo: Lt___________ 2718S 48 22 W 690 | Estrecho de Le Maire, Isla de 
(LONE LOnian 6 DOL s==aeaeeee ae = eee 27 368 48 34 W Josm@istadose iter. ase 54 47S 64 44 W 
720 | Ponta dos Naufragados: Lt____- 27 508 48 35 W || 27700 | Cabo Buen Suceso: Lt_________-_ 54 49S 65 13 W 
730 | Ponta de Imbituba (Ponta 710 | Cabo: San, PiowiLta 22a!) sie 55 04S 66 32 W 
Grande): Lt--- 2. == ee ee 28.1758 48 40 W 
740 | Ihas das Araras: Lt..___.__-__- 28 21S 48 40 W || 27800 Chile 
WoO RMbaguna= ee eee ee 28 29S 48 47 W 
760 | Cabo de Santa Marta Grande: 27810 si. Cape born seen 55 69S 67 16 W 
1 ie One = st a 28 378 48 50 W || 27900 | MAGELLAN STRAIT 
770 | Capao da Canoa (Tramandaf): 910 | —Punta Dungeness: Lt________- 52 248 68 26 W 
dibs $0: 0 3. oe eee ee 78 50 03 W 920 | —Cabo Posesion: Lt_______- 62 18S 68 58 W 
eV, || OMG EG 10S. ee 18 50 12 W 930 | —Cerro Direccion: Lt 52 228 69 30 W 
790 | Ponta da Mostardas: Lt 5S 50 54 W 940'-| —Punte Deigada-:---... bao 52 28S 69 33 W 
26800 | Rio Grande. .-_____.-22.22-2..-- 3S 52 06 W 950 | —Punta Mendez: Lt =| 62 32'8 69 35 W 
810 | Pérto Alegre ee ees 0S 51 13 W 960 | —Punta Satelite: Lt_.__._..____ 52 338 69 40 W 
820 Albardao: Lt 28 52 45 W 970 | —Cerro Cono (Cone Hill): Lt___| 52 40S 70 23 W 
SS0M Chute tae ss 48 53 22 W 980 | —Cabo San Vincente; Lt_______ 52 47S 70 26 W 
990 | —Isla Santa Magdalena: Lt____| 52 55S 70 34 W 
26900 Uruguay 28000 | —Isla Contramaestre (Quarter- 
: master Ie): (oto one eee es 52 57 8 70 22 W 
26910 | Cabo Polonio: Lt_._....-.--.--- 34 248 53 48 W 010 | —Punta Arenas (Magallanes) _-.| 53 10S 70 54 W 
920 | Cabo Santa Maria: Lt_________- 34 408 54 09 W 020 | —Cabo San Isidro: Lt__-._____- 53 478 70 58 W 
930 || Isla de Lobos: Lt_____-______.__ 35 02S 54 53 W 080.4} —CaborBroward:: Iit_--25--. 223 53 548 71 18 W 


1073 


APPENDIX S 
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WEST COAST OF SOUTH AMERICA 


Index 
No. Place Lat. Long. ede Place Lat. Long. 
29000 Chile Chile—Continued 
° iv. ° v: ° , ° / 
29100 | MAGELLAN STRAIT 29870 | Punta Ballenita: Lt 8 70 47 W 
110 | —Isla Rupert, English Reach: 880 Wl Tallial tee We bk ae. need Soalen s 70 29 W 
Dies sete See eran) o- = 2 53 40S | 7213 W 890 | Antofagasta. __----- S | 7025 W 
120 | —Isla Cohorn: Lt___...._--.--.- 53 33S 72 20 W || 29900 | Punta Tetas: 23 318 70 38 W 
130 | —Paso Tortuoso (Crooked 910 | Punta Angamos: Lt_____------- 23 02S 70 32 W 
Reach), El Morrion: Lt-___| 53 348 72 31 W 920 | Mejillones 23 07S 70 28 W 
140 | —Monte Radford (Radford 930 | Tocopilia_.._....----- 22 05S 70 14 W 
EU) Gee, ee cee 53 26S 72 57 W 940 | Punta Gruesa: Lt__- 20 228 70 12 W 
150 | —Cabo Cooper Key, Paso Largo 950" Tquiqtes Bee tak Real bc erl 20 12S 70 10 W 
(Long Reach): Lt__----..-- 53 15S 73 13 W 960 | Isla Alaeran; Lt_-_- 18 298 70 21 W 
160 | —Isla Centinela (Sentinel I.): W070 \eAricolds 2232. . 3 e oeloeeed 18 298 70 20 W 
/ 1 0 ie ep eer Sa Sys 53 05S 73 35 W 
170 | —Bahfa Félix: Lt__.._...--..--- 52 58S 74 04 W || 30000 Peru 
180 | —Isla Fairway: Lt- 52 448 
190 Cabo Pilar? _-. 2. ...----- 52 48S 17 42S 71 22 W 
29200 | Groupo Evangelistas: Lt 52 248 17 01S 72 02 W 
ZlOWmisia Samebedro: it) 2. es se 47 438 17 01S 72 07 W 
220 1aCaberbapersit- .---..--...-.8 46 50S 17 00S 72 07 W 
230 | Isla Falsa: Lt__.__..----------_- 43 53S 16148 73 37 W 
240 eiielincny Litt... -S-. 23S Y- 43 55S Punta San Juan 15 20S 75 10 W 
250 | Isla Guafo (Huafo): Lt___--_-_- 43 34S 74 50 W 070 | Punta Dona Maria, Islotes 
260 | Cabo Corcovado-.-----.-------- 43 08S 72 55 W imnAernillowbta=------ ------=5 14 40S 75 56 W 
ALO MeTIENLO NA ONL. - .-- 2-24 == -- =e 41 29S 72 57 W O80) Piste. so.) 2-52 ee 13 43S 76 15 W 
29300 | ISLA CHILOE 090 | Islas de Chincha: Lt__.--------- 13 39S 76 25 W 
310 | —Isla Laitec: Lt_.-------------- 43.178 73 35 W || 30100 | Grupo de Palominos: Lt--_----- 12 088 77 15 W 
320 | —Punta Corona: Lt_----------- 41 478 73 53 W 110 | Isla San Lorenzo: Lt_-:------:-- 12 05S 77 13 W 
330 | —Punta Ahuf: Lt._.----------- 41 50S 73 52 W 120 IWCalicg SEeeee. 82. ee 12 03S 77 10 W 
SELON, SS et ie 2 ee ee eles 41 52S 73 50 W 130 | Isla, Mazorca? U6 22228 . 22-22 11 248 77 44 W 
29400 | Cabo Quedal: Lt_-------------- 40 58S 73 56 W 140 | Punta Cabeza Lagarto, Puerto 
410) Punts ‘Galera: uf 27s 28 ee 40 00S 73 45 W Huarmeysplit- see. - = ad 10 07S 78 11 W 
420 \ Morro Gonzalo: Lt_------------ 39 50S 73 28 W 150)| ‘Chimbote;1Uit. 2. -=-- sess 23 9058S 78 36 W 
ASO ACOTTHE = sone) eR ee. Aue. ged 39 52S 73 26 W 160 | Guafiape (Huanape Is.): Lt__--| 8 35S 78 57 W 
50) WV LORCtS Bg ese 39 48S 73 15 W 170: || Satavertyfts4- 298-2 eS 8148S 78 58 W 
450) |) -bunta Rocura’ Lt_....-..2---=- 39 478 73 24 W 180 | Isla de Macabi: Lt. . 22-22-2222 7498 79 29 W 
29500 | IsLA MocHa 100 | LPaertoiten 4... .2-t-ssiteeesasee 6 568 79 52 W 
510 | —Morro de las Torrecillas: Lt__| 38 22S 73 58 W || 30200 | Islas Lobos de Afuera: Lt__.---- 6 578 80 43 W 
520 | —Punta Anegadiza: Lt___---_-- 38 23S 73 54 W 210 | Isla Lobos de Tierra....2-.223-0 6 26S 80 50 W 
29600 | Punta Morguilla: Lt___-------- 37 47S 73 42 W 220) || Puna Agujas pes2s 222.22: 28 5 558 81 09 W 
GLO) WEL Coie ae ree te 37 38S 73 40 W 730 Sle. Hocattibtsss---2-c=- 5 >... 56138 81 13 W 
620 | Punta Lavapié: Lt__-_--- 37 09S 73 35 W BAD) SRA Geeta ae ee en oe 5 058 81 07 W 
630 | Isla Santa Maria: Lt_--- 36 59S 73 32 W 260 |) Punta Parifias: Lt_-....:---ss2 440S 81 20 W 
Nea) ELLOCS Bee to ons waar 37 06S 73 09 W 260: IM alanatst geo. ee eees 2 = Sek 43458 81 17 W 
GaONINC@OY Orie: te doa. oe a waco oa 37 02S 73 10 W 270 \WCaber Bianco soe .£-= 252595. 2 4168S 81 15 W 
660 | Punta Gaulpén: Lt___---------- 36 458 73 11 W 
670} Punta Tumbes: Lt_.....-as<.- 36 37S 73 07 W || 30300 Ecuador 
BED) mel aleahwanoe 52. ..--25--.2 42283 36 42S 73 06 W 
690 | Isla Quiriquina: Lt_..--.------- 36 36S 73 03 W || 30310 | Isla Santa Clara: Lt__-.------ 3108S 80 25 W 
29700 | Cabo Carranza: Lt__----------- 35 34S 72 38 W 320 |) Punta JambelinGte ..22see225.- 3138S 80 02 W 
710 | Punta Topocalma: Lt-_--------- 34 08S 72 01 W ge0 seuntacArena? Lt.....-------5= 3018S 80 07 W 
720 | Isla Juan Fernandez, San Juan OW oy eS a> 2 2448S 79 55 W 
Bautista bt... 2. ...4-2--2r 33-38 S 78 50 W BOO | Guavaguileesnns: 2 2. os--e5-51 2128S 79 53 W 
OO MSO Antonio. ...-.-.-+----<-54- 33 35S 71 38 W 360 | Punta Santa Elena: Lt_-----.-- 2118S 81 00 W 
740 wPunte Panval: ut. .....<.s03 33 348 71 38 W Bro } sla. Mar Plata: Lis 1.--.1-s6023 11588 81 06 W 
750 | Punta Curaumilla: Lt_..------- 33 04 S 71 45 W 380 | Cabo San Lorenzo: Lt__-------- 1038 80 55 W 
760 | Punta Angeles: Lt:....-.---.-.- 33 01S 71 39 W 300: 1 (Cabo (Pasado: Lt... ..3.5-222262 0218 80 30 W 
iG) WVOLparaisowe 2. =o. noe nae 33 025 71 37 W || 30400 | Punta Galera: Lt-:_------------ 0 50N 80 06 W 
780-\wCabotnhablass Dt _-----.2-- =... 31 518 71 34 W Al0: ||) Hemeraidas. 3>.weees. eres. 3! 0 58 N 79 42 W 
790 | Punta Lengua de Vaca: Lt-_---- 30 15S 71 38 W 
29800 | Punta Tortuga: L 29 56S 71 22 W || 30500 Colombia 
SLO Coguimvo ie J... -.. 285k et 71 21 W 
820 | Islas Pajdros: Lt Zh Cae ll B0610! |) uamacons = 2...-----=.--===---- 150N 78 45 W 
Ss0 WeCriuz Grande es. 2823853... - 71 20 W 520 | Isla Gorgona (Gorgonilla I.): Lt_| 2 56.N 78 14 W 
840 | Isla Chanaral: Lt 71 36 W B20) |) Buenaventurd..-.2-=----2=---5--5 3 54N 77 05 W 
850 | Hwasco___- 71 14 W 540 | Punta Charambiré: Lt-_-------- 415N 77 32 W 
SHO; Cal denGae = << -2a=---~--~-.2- 70 51 W 550 | Punta San Francisco Solano: Lt_| 6 18 N 77 29 W 
ee 
ISLANDS OF THE ATLANTIC OCEAN 
a a 
31000 Bermuda Azores—Continued 
° i ° , ° , fe} , 
SlLOLO I Norsh, Rock: elie. --.-..-.-.-- -- 32 28 N 64 46 W || 31200 | ILHA DAS FLORES s 
020) | St. George's. .- - -. Fee ess 3. 32 23 N 64 41 W 210 | —Ponta do Albernas: Lt_------ 39 31 N 31 15 WwW 
030) |P Sta David's les Wis 2.---..--=- 32 22N 64 39 W 220 Santa Gnueses-e- = 2-.---....|| 30 27 N 31 08 W 
040) Ik Gibbs) Bly Lto2-5- .----..---.. 32 15 N 64 50 W 230 | —Ponta Lagens (Lages) (Lajes): e 
O50) |. Flamilion'== . 2.2ib2eg3.-tasst.. 32 18 N 64 47 W i ee Se 2 _ 2 4w89 22Ni 3111 W 
31300 | ILHA DO FAIAL (FAYAL ISLAND) 
310 | —Ponta Sones (Capellin- See on 
Azore: HOS) eH he pts ee v i 
bene! e Ag eon 2 ye 01 mae Ie 38 32N | 28 38 W 
31110 | Ilha do Corvo, Ponta Negra: Lt_] 39 40 N 31 07 W 330 | —Ponta da Ribeirinha: Lt__----| 38 36 N 28 36 W 
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APPENDIX S 
MARITIME POSITIONS 


ISLANDS OF THE ATLANTIC OCEAN—Continued 


Index Place Lat. Long. lines Place Lat. Long. 
Azores—Continued Cape Verde Islands—Continued 
° , ° , ° 4 ° / 

31400 | ILHA DO PICO 33130 | —Ponta de Tumba (Fontes 
410 | —Ponta da Areia Larga: Lt____| 38 32 N 28 32 W Pereira de Melo): Lt__._.-_| 17 07 N 24 59 W 
420 | —Ponta da Ilha: Lt___________- 38 25 N 28 03 W || 33200 | IbHA DE SAO VICENTE (ST. 

31500 | Sao Jorge, Ponta do Topo: Lt__| 38 33 N 27 47 W VINCENT ISLAND) 

510 | Graciosa, Ponta da Barca: Lt_..| 39 06 N 28 03 W 210 mat dos Passaros (D. Luiz): 

31600 {/MERCHIRAY |... 6.0 2e. onan ncn. bi ARs RO Pe i eer LG ieee ene ce ieee sen De 16 55 N 25 01 W 
610 | —Ponta da Serreta: Lt______._- 38 46 N 27 23 W 220 | Pints Grande (Mindelo) ___-_-_- 16 53 N 25 00 W 
620 | —Angra do Heroismo____.___-__- 38 39 N 27 13 W 230 | —Ponta Machado (D. Amelia): 

630 | —Praia da Vitoria (Bahia Praia)_| 38 43 N 27 03 W Lit. *s:28 es Od VES YS 16 50 N 25 05 W 

31700 | SAN MIGUEL 33300 | IbHA DE SAO NIcOLAU (ST. 

710 | —Ponta da Ferraria: Lt_______- 37 SIN 25 52 W NICHOLAS ISLAND) 
120) | — Ponta, Delgad@ab— 222-2 es 37 44 N 25 40 W 310' }\— Ponta do Barril;, Lts2s2-----= 16 36 N 24 25 W 
730 | Ponta do Arnel: Lt.__.._ 282 37 49 N 25 08 W 320) | —.Preguica@s.2-22-.-=2--. 2-2 s_f 16 34 N 2417 W 

31800 | ILHA DE SANTA MARIA 330 | —Ponta Calheta (Ponta Leste): 

810 | —Ponta do Castelo (Gongalo igs 2S os a rere: 16 34 N 24 00 W 

Melo)? (Lt. secenenee nee 36 55 N 25 01 W || 33400 | ILHA DO SAL 
820 4 — Vila do weorto 3. concent ees see 36 56 N 25 09 W 410 | —Ponta Norte: Lt....-......_-! 16 51 N 22 55 W 
31900 | Ihéus Formigas (Rocas Formi- 420: \'—Santa Martas. 226. 2-22 22222248 16 35 N 22 54 W 
@aS)eE et ti eee ee cess 37 16 N 24 46 W || 33500 | ILHA DA BOA VISTA 
510) \"'—PontaidoiSols Wi 2s2--=-- 228 16 13 N 22 56 W 
32000 Madeira Islands 520 | —Ilhéu do Sal-Rei: Lt__________ 16 10N 22 57 W 
33600 zie de Maio, Forte de S. Jose: 

32100 WIE BACDS IMDADEIR Ake dye -- + do nl Bees OR he, fee || bie Ee Se 15 08 N 23 13 W 
110 | —Ponta do Pargo: Lt_._-2_-272 32 48 N 17 16 W || 33700 enh DE SAO Ti1aAGo 
120 \ Funchal ye. 52 a8. SE 32 38 N 16 55 W 710 | —Pontaido’ Lobo: Lt...---... 2 14 59N 23 25 W 

32200 | Ilhéu de Fora, Ponta de Barla- (20 == Pratiag: See eae soa 14 55 N 23 31 W 

VOULOMG Senet occ ccceve ead 32 43 N 16 39 W 730 | —Ponta Temerosa (Maria Pia): 
210 | Ilha de Porto Santa, Ihéu de ieee OS eee 14 54 N 23 31 W 
Cima yt.) ooo olseand 5 33 03 N 16 16 W 740 | —Ponta Moreira: Lt__________- 15 20 N 23 45 W 
33800 | Ilha do Fogo, Ponta do Alca- 
32300 Canary Islands tracts cet 4.2. 2 14 50N 24 19 W 
810 | Ilha Brava, Ponta Nho Mar- 

32400 | LA PALMA tinhotli. S2228 2 2~ 2. eed 14 49N 24 43 W 
410 | —Punta Cumplida: Lt___._.___ 28 50 N 17 47 W 
420 | —Punta de Fuencaliente: Lt___| 28 26 N 17 50 W |} 33900 Islands of the South Atlantic 
430 | —Santa Cruz de La Palma____-- 28 40 N 17 45 W 

32500 | Hierro, Punta Orchilla: Lt_____ 27 42 N 18 10 W || 33910 | Ascension I., Georgetown 7 56S 14 25 W 
510 | Gomera, Punta de San Cristo- 920 | St. Helena, Jamestown. --_- 15 55S 5 43 W 

alii Ry yee He cece o tae 28 06 N 17 06 W 930 | Ilhas Martim Vaz__.....-.-...- 20 30S 28 51 W 

32600 | TENERIFE 940 | Ilha de Trinidade (Trinidad I.)_} 20 30S 29 19 W 
610 |*—Puntade Teno: Lt..-.._b1. 2 28 21 N 16 56 W 950 | Tristan I. (Tristan da Cunha), 

620 |"—Punta) Rasca:, It... -.-......2 28 00 N 16 41 W Tristan Settlement ______-_-_-- 37 03S 12 18 W 

630 | —Santa Cruz de Tenerife._..___- 28 28 N 16 14 W 060 (iGoughal? Sede. 42.22. 40 20S 10 00 W 

640 | —Punta de Anaga, Roque Ber- 970 | Bouvetgya (Bouvet I.) 54 268 3 24E 
mejo!bte..._.-...2.. eee 28 35 N 16 08 W || 34000 | FALKLAND ISLANDS 

32700 | GRAN CANARIA 010 | —Cape Meredith: Lt___..-___-- 62 148 60 39 W 
“10 —PuntaSardinay Lt .2 see 28 10 N 15 43 W 020 | —Cape Pembroke: Lt 51 41S 57 42 W 
720 | —Punta Mas Palomas, Morro 030i —Port Stanleyiio 2 —--.. ee _ 51 42S 57 50 W 

WolehasWiLte =... <5 9k 15 35 W 040: | =Shag¢Rockse-- ae ee 53 33S 42 03 W 
730 | —Puerto dela Luz_- 15 25 W || 34100 | SoutH GrorRGIA ISLAND 
740 Wi=-Isletagilts. 6 oe tec oo 15 25 W 110 | —Cape Saunders: Lt__________- 54 07S 36 38 W 

32800 | IsLA FUERTEVENTURA 120 ||| =JasonMslet:) its... 25-24. --| 54108 36 30 W 
810 | —Punta de Jandfa; Lt_....-_.__ 28 03 N 14 31 W 130 | —Grytviken Harbor 54 168 36 31 W 
820 | — Puerto de Cabras Seca eee SORE 28 29N 13 51 W 140 | —Right Whale Rocks: Lt______ 5413S 36 24 W 
830 | —Punta de Toston: Lt_________ 28 42 N 14 01 W || 34200 | SourtH SANDWIcH ISLANDS 

32900 |/"Isla de'Lobos: Lt..........)2_. 28 45 N 13 49 W 210 || ——Zanodosit deseuss sesso ac. 5 56 20S 27 35 W 
910 | Isla Lanzarote, Punta Pechi- 220 || == Thulemw te Es. es 59 27S 27 18 W 

puerta mii Se 22.2 a ee 28 51 N 13 52 W || 34800 | SourH ORKNEY ISLANDS 
920 | Isla Alegranza, Punta Delgada: 310 | —Laurie I., Scotia Bay....--.--- 60 468 44.41 W 
Tu ttw Shih Oe fe 28 ee as 29 24N 13 29 W 320 | —Signy I., Borge Bay_________- 60 43S 45 36 W 
34400 | SouTH SHETLAND ISLANDS 
33000 Cape Verde Islands 410 | —King George I., Admiralty Bay_| 62 00S 58 30 W 
420 ee Mss Harmony Point: 
33100 | ILEAy DERSANTO, ANTAGM(Stiiemt ) AICS | Okt |i| Wut Pahl le 59 12 W 
ANTONIO ISLAND) 430 cba i. ee ei Sees 28 59 30 W 
110 | —Ponta do Chao de b MaeE ade 440 | —Cape Morris: Lt 59 48 W 
Conta Oeste, tues aseeee 17 04 N 25 22 W 450 | —Deception I., Collins Point: 
120 | —Ponta do Sol: Le a. 6 leet as 17 12N 25 07 W IL tome A See 63 00S 60 33 W 
a ee eee 
BRITISH ISLES 
Se 
35000 England England—Continued 
° , ° , ° , ° , 

35100 | SciLLy IsLEs 96220) MiPenzan cen aes aaa eect 50 07 N 5 32 W 
110'\|\—Bishop Rock: Wt...-_----- 49 52 N 6 27 W 230 | Lizard Point (Lizard Head) 

120 | —St. ropes s, Penninis Head: 1 a oe ee SPREE ere ag 49 58 N 512W 
sb=s-- 4. =8 eee pees 49 54 N 6 18 W 240 || Falmouth. 3.22. 50 09 IN 5 04 W 
130 Sanaa 1 2 eee ears 49 59 N 6 19 W 250 | St. Anthony Head: Lt_____..__- 50 08 N 5 01 W 

35200 Lands End, ones: Wij Lees 50 04 N 5 45 W 260 | St. Catherines Point: Lt________ 50 20 N 4 39 W 

210) AW .olffRocksel. te = _ 4c aeuereeey 49 57N 5 48 W 270) Wer owesote Se eal Vee aden t 50 20 N 4 38 W 
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MARITIME POSITIONS 


BRITISH ISLES—Continued 


Place fy Place 


England—Continued Scotland—Continued 


Eddystone Rocks: Lt 
Plymouth 

Start Point: Lt- 
Dartmouth 

Berry Head: Lt 

Bill of Portland: Lt-- 
Portland Harbor 

Anvil Point: Lt 

Hurst Point: Range Lts 
ISLE OF WIGHT 


~ 


PENTLAND FIRTH 

—Pentland Skerries, Muckle 
Skerry: L 

—Swilkie Point, Stroma: Lt---- 

—Swona: L 

ORKNEY ISLANDS 

—Scapa Bay 

—Copinsay: Lt 

—Auskerry: Lt_-- 

—Start Point: Lt 

—North Ronaldsay, Dennis 
Ness: L 

—Noup Head: Lt 

—Brough of Birsay: Lt 

—Tor Ness: Lt 

SHETLAND ISLANDS 


SSSSSS3SSS 0 
ang 
GO 00 GO 
DE otladiaod 
Pye 


WNNCOCUPPRRAERW ER RWWWNHNE NH 
anoo 
ood 
Ronn 


Nees 
Son NWR COM 


oS 
eSe SRSS BIG 


sans S225 eeeeeeeeeeees Seeeee SHSS 4454 2245 425 


—Egypt Point: Lt 
Southampton 
Portsmouth 
Southsea Castle: Lt 
Nab Tower: Lt 
Beachy Head: Lt 
Dungeness: Lt 


HAOONHHwW waNNNwwor 
SNSRSSS ~ 
oo c or 
HOODS 


WNEEWWSHS CHW BWOSSD YNNER 
PRESB IERANIE TON AAAS BAINGHNNAAROOGD WIAA 


gaddacs deeedeees Se Be BH Nees eeeee 444444455 


Qana 
coooe 
WAAO 


SeaSes Vase AR 


BNHODITRONDRAOPO Noe Re whe 
AAA ALABAZLA ALALZAAZLZALAAZAALAAAAZL ZALZALZZ ZAZA AZALZA AZALZZ ZAAZ 


SSSSSsSsssssss 


L 
—Esha Ness: 
Sule Skerry: Lt 


Point of Stoer: Lt 

Rudh’ Ré: Lt 

HEBRIDES 

—Tiumpan Head: Lt 
—Butt of Lewis: Lt 
—Loch Carloway: Lt-_-- 
—Flannan Isles: Lt 
—Barra Head: Lt 
—Usinish: Lt 

—Scalpay: Lt 

Eilean Trodday: Lt 

Neist (Ness) (Hist) Point: Lt--- 
Oigh Sgeir: L 

Point of Ardnamurchan: Lt---- 
Skerryvore: Lt 

Dubh Artach: Lt 

Rhinns of Islay, Orsay I.: L 
Mull of Kintyre: Lt 
Campbeltown 

Pladda: Lt 

FIRTH OF CLYDE 

—Little Cumbrae I.: Lt 

— Glasgow 

—Greenock_--- 


Ayr 

Turnberry Point: Lt 

Ailsa Craig: Lt 

Scotland Corsewall Point: Lt 

Black Head, Killantringan Bay: 


RIVER THAMES 
— Woolwich 
— Greenwich_-_-- 


anand > 
3e2BSS8 


BHHODO CHB HOC OR HE He HE HR NN WWWR EP O 
eo 


Or Or Or Gr Or 
NN NNER 


Oro 


Cromer: Lt 
Spurn Head: Lt 
RIVER HUMBER 


B 


SSSSSS8SER RAS BSSB8S 
ZLAALZLZ LZALZLAALZLZ LZZZ LZAAAZ AAAALAALZLZLZZ ZALZAZZAAALZ 


—Hul 

Flam 

Ling Hill: Lt 

Whitby 

Hartlepool 

The Heugh: Lt 
Sunderland 

Lizard Point: Souter Lt 
RIVER TYNE 

—Shields 

—Newcastle 

St. Marys I.: Lt 

Blyth 

Coquet I.: Lt 

Farne Is., Longstone: Lt 
Berwick upon Tweed 


Ge Ge rar ar ee 
a eR ROO 


PASS 
Meee OOCOSD OFF 


ao oon 

or 
LPwonwoono 
SSS8S2R2 


OOo 
crcr cro or 
NR eee ee 
EES SESS 
NNONGD 


Re Noo WN POR RPON ROH Bee wWe 
= 


SaoRans APRBOCOCDOKLOANWHKONNINH SD 


(J<) 


Eyemouth 

St. Abbs Head: Lt- 
Barns Ness: Lt 
FIRTH OF FORTH 
—Bass Rock: Lt 
—Fidra: Lt 
—Leith (Edinburgh) 
—Inchkeith: Lt 


yt 
—Elie Ness: Lt 
—Isle of May: Lt 
Bell Rock: Lt 


Scurdie Ness: Lt 
Montrose 

Todhead Point: Lt 
Girdle Ness: Lt 
Aberdeen 

Buchan Ness: Lt 
Rattray Head: Lt 
Kinnairds Head: Lt 
Covesea Skerries: Lt 
Inverness 

Cromarty 

Tarbat Ness: Lt 
Clyth Ness: Lt 
Noss Head: Lt 
Duncansby Head: Lt-_--- 
Dunnet Head: Lt 


PRON AOE ANARMRBURBOBAUNNBAD ATTPRrO CFR WWWNH NNNDH WW 
oad oo wreo CWOPRWWOR PRE WHWwW -“oS ~ w 


oo 
Boo 
Aor 


England 


ono 


IsLE OF MAN 
—Point of Ayre: Lt 
—Peel 


—Langness: Lt 

— Douglas 
—Maughold Head: Lt 
St. Bees Head: Lt-- 
Barrow in Furness-_- 
iPrestones.U.-..-~- 
Liverpool... -- 
Manchester 


aon 
Dm 
boty 
fo ork we ol 


;-b-b-b-b-b-b-b bbe 


NwWNWWHEKRE PEP 
ROR We Nw at) 
S58 


SOO 
ALZLZLZALALZLALZLZALZLLAZLZZALZZLLZZALZZ ZAZ 
PSNR OOON 


oon 
ES ROSCENHNANWHLYOK LD NOS 


NESnSReSSSSSSECRSRSRASRSCSSK NOOO 
SSS 5455555555555 5555 555555 225 


Great Ormes Head: Lt---------- 
Point Lynas: Lt 

The Skerries: Lt 

Holyhead 

South Stack: |Lt.....------------ 
Caernarvon 

Bardsey I.: Lt 

Saint Tudwals I. West: Lt 


WWWWWRPRWNHRENNNNNHNHNNNWOWOWND Ndr 


Noodrrhor 

Wow woo oro 
ZZ2ZLZZLAZZ, 
me ee pee CO 
BSeUISSSiv8 
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MARITIME POSITIONS 


BRITISH ISLES—Continued 


meek Place Lat. Long. mee Place Lat. Long. 
Wales—Continued Northern Ireland ely ae, 
° , Cia 4 
30790) WRENShgward sane... <---=. =~. ee 52 01 N 4 S90We ||| 88510) | Dundiumasesese- 2=- ee eee 54 15 N 5 50 W 
37800 Strumble Heady eeb.. Serene 52 02 N 5 04 W 5 St, Johnsieoimtolf sess. 54 13 N 5 39 W 
810 |) South Bishop? Lt!_............2 61 61 N 5 25 W 530) |PArdglags agee, 202. ee 54 16 N 5 37 W 
820) | he Smalisa lt oe. seme | te 51 43 N 5 40 W 640) |) MewiLa Gis 2.--..-..--- --| 54 42N 5 31 W 
830) || Skokholmil.:’ Lite 2282-2.-.2...- 51 42 N 517W 650) |r Bangoreemereterse: cae. eee --| 54 40 N 5 40 W 
840 | St. Anns Head: Lt___..-__.____- 51 i fe : x ta ae phe ip eee ts a a _ 3 re Sal 
50! | Milford Haven =. 22... 22 22228 51 43 2 ac CACM totem saa ma! 
37900 Bristol Channel 590 | Rathlin I., Rue Point: Lt______- 
38600 | Londonderry_....---------------- 55 00 N 7 20 W 
37910) |" CaldiyAli) ite eee an 2 Semen 51 38 N 441 W 4 
920 | Mumbles Head: Lt--_--- 51 34 N 3 58 W || 38700 Ireland (Hire) 
930 | Swansea, Wales___..____ 51 37 N 3 57 W ’ 
940 | Barry Docks, Wales_ 51 24 N 3 16 W || 38710 | Inishowen Head, Dunagree 
950 | Cardiff, Wales___ 51 27 N 310 W Pointelbtete.. 2252-222 ee 55 13 N 6 56 W 
960 | Newport, Wales__- 51 35 N 2 59 W 720 \' Inishtrahull:! Lt. -..-.. » =_ 228 55 26 N 714W 
970 | Bristol, England_____---- 51 28 N 2 37 W a0! |) Malinvbliesd@= 252. 2. 2. 2 ae 55 23 N 7 24W 
980) | Flat olms it. 20-2222. ee eae 51 22 N 3 07 W 740 |) Fanad Heady Et_..........-23_- 55 16 N 7 38 W 
990 | Foreland Point (Lynmouth 750) |) Doryglee ies ee Soe nes 55 16 N 815 W 
Foreland)- ut--..2.---_-5 51 15 N 3 47W 760 | Aran J., Rinrawros Point: Lt_-_| 55 01 N 8 34 W 
38000) |) Bull, Points tesa as 51 12N 412 W 770 | Rathlin O BirneT.: Lt__..2.-_-2- 54 40 N 8 50 W 
(80) | liybegs ae ee 54 38 N 8 27 W 
38100 England 190". Donegal® arse es 2 54 39 N 8 07 W 
38800: | Sligote aes wae. ee 54 16 N 8 28 W 
38110) |) Lundy I.: North Lt___......2-. 51 12N 441 W S10) ir Waglenieetn peereeesen ee 2 eae 54 17N 10 05 W 
120 | Hartland Point: Lt -| 51 01 N 432 W 820) ||) Blackrock:@t_2- =) ==—=—> Sere oe 54 04 N 10 19 W 
130), TrevosesHead:, Lt_..._.. 2... 50 33 N 5 02 W 830! i) Clarenigs TG eeeee eos Fee 53 49 N 9 59 W 
1400 &Godreyy; yet eee. see eee 50 14N 5 24 W 840) | Westport_s2 = = 53 48 N 9 32 W 
‘LOOUW Ste lvestibt-.2..-.-. 2.2. 85 shawl 50 12 N 5 28 W 850 | Slyne Head: Lt 53 24 N 10 14 W 
160! | Pendeen: Wyti. ee 50 10 N 5 40 W 860 | Rock Islet (Eeragh): Lt_..______ 53 09 N 9 52 W 
S70! |. Galway mes eee eo 16N 9 03 W 
38200 Ireland (Eire) 880 | Inisheer: Lt________- 03 N 9 31 W 
890 | Loop Head: Lt 34N 9 56 W 
38210 | Fastnet Rock: Lt_..._.___..___- 51 23 N 9 36 W || 38900 | RIveER SHANNON 
220) Baltimore toe een eee Ee 51 29 N 9 22 W 910 | —Kilcredaun Point: Lt______..._| 52 35 N 9 43 W 
230) Galley Head:) Lg. 25-22 2 51 32 N 8 57 W 920 | —Limerick_____ 52 40 N 8 38 W 
240 | Kinsale, Old Head: Lt_________- 51 36 N 8 32 W O30; w= Foynes 23-5 ee Se). 26 nee 52 37 N 9 07 W 
250) |}. Cork ae mits ios Pan frie 5 51 54 N 8: 274W's'|| 39000) |. Tralee seemeeeeenen SUT See 52 16 N 9 42 W 
260 | Cobh (Queenstown) ..-_._-----___ 51 51 N 8 18 W 010 | Tearaght I. (Inishtearaght): Lt_| 52 04 N 10 40 W 
270) RochestPoint:) ito. 2.02. 51 47 N 815 W 020 | Valencia I., Fort Point: Lt______ 51 56 N 10 19 W 
280) |) Ballycotton’ Tvs Lt_J......-. 52-2 51 49 N 7 59 W 030 | Skellig Rocks: Lt_._.__._______- 51 46 N 10 32 W 
200) |P oughalemeon 2 a8 = Tweety oe 7 50 W 040) |i. "Whe Bull pits see oe ee 51 35 N 10 18 W 
38300 | Mine Head: Lt 7 35 W 
310 | Waterford 7 07 W || 39100 Channel Islands 
320 | Hook Head: Lt_ 6 56 W 
330 | Tuskar Rock: Lt 6 12.W) ||| 39110) | Casquets ints e---- 49 48 N 2 23 W 
340 | Wicklow Head: Lt 6 00 W 120 | Alderney, Quenard Point: Lt___| 49 44 N 210 W 
Some Muglins- ts sane eee eee 53 16 N 6 05 W || 39200 | JeRsEY 
SOON KAN GSO lee soe ee 53 18 N 6 08 W 210 | —Sorel\Point: Lt.._....__.._____ 49 16N 210 W 
370 | Dublin (Baile Atha Cliath) ______- 53 21 N 6 13 W 220 | —St. Helier__......-.___ 49 11N 2 06 W 
380 |) The Baileys Tt-..-..-... 88.268 53 22 N 6 03 W 230 | —La Corbiére: Lt 49 11N 215.W 
390) Rockabilly Ltiee- ss - ne 53 36 N 6 00 W || 39300 | Sark, Point Robert: Lt_________ 49 26N 221 W 
38400 53 43 N 6 21 W |} 39400 | GuERNSEY 
410 54 00 N 6 24 W 410 | —Platte Fougére: Lt____________ 49 31N 2 29 W 
420 | Haulbowline Rock: Lt_________- 54 01 N 6 05 W 420) | —Stcbeleree ores eee oe 49 27 N 2 32 W 
430) |" Carlingford. .2 2... 42. oe 54 03 N 6 11 W 430 | —Les Hanois Rocks: Lt_________ 49 26 N 2 42 W 


OF EUROPE 


Norway Nor way—Continued 
° / fo} , ° , ° , 

40010) P B¢ktjord tse Sees 69 53 N 011E 40200 | VEsTERALEN 

020 | Bug¢gynes, Oterneset: Lt________ 69 58 N 29 40 E 210; -—Andenes tesserae eee 69 19 N 16 07 E 

030 ‘adsg on aan eee 70 04 N 29 44 E 220) es —— A NGA eiG here a 69 04 N 15 11 E 

O40 1b Vardgl te eA bn 70 22N 31 06 E 230) |E—Hrnggaiiyt 68 50 N 14 34 E 

050 | Horngy: Lt_____--__- 70 23N 31 10 E 240) |p —Litléye lt-- oe on 68 36 N 1419 E 

060 | Kjglnes: Lt______ 70 51 N 29 15 E 250 | —Kleivheia: Lt 68 17 N 13 35 E 

070 | Sletnes: Lt 71 05 N 28 13 E 40300 | LOFOTEN 

O80) Elelnes: te -2--2- ooo Seal Oa eN| 26 14 E O10! |i —Skomvyeor dutss-2-. 252. eee 67 25 N 11 538 E 

090 | Knivskjelloden: Lt______ ates) 71 It Ni 25 41 E 320 67 39 N 12 44E 
40100 | Fruholmen: Lt___________ Sa ce|| /4 06 IN| 23 59 E 330 67 53 N 13 03 E 

110 | Hammerfest____________ ----| 70 40 N 23 40 E 340 68 09 N 14 25 E 

120 | Tarhalsen; Lt_________- -2-2) 70/52)Ni 23 19 E 350 

130 asvikse bt.) 255 3268 70028 iNi 22 10 E holment) {=.= -2 saan 68 09 N 14 39 E 

140 Fuglgykalven: Lig. 70 19N 20 10 E 404000 | Narvik SR Pk. 22) ee 68 26 N 17 25 E 

USON@ Dorsvageh Lt 2. oso” eats! FOML6N 19 30 E BLO! |f Prandgyetlit.2-- 52022. ae, 68 11 N 15 36 E 

160 | Lille Lynggy:; Lt_________ --| 69 55 N 18 28 E 420 | Malgy-Skarholmen: Lt_________ 67 46 N 14 25 E 

170 1OMSP ee ee a 69 39 N 18 58 E 430 | Landegode, Eggeldysa: Lt_.___. 67 27N 14 23E 

180 | Hekkingen: Lt___....1-.-._.___. 69 36 N 17 50 E 440 FGT YU ye toe ee See 67 23 N 13 51 E 
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MARITIME POSITIONS 
WEST COAST OF EUROPE—Continued 


Place ie NG, Place 


Norway—Continued Norway—Continued 


Tennholman: Lt 
Kalsholmen: Lt---- 
Myken: Lt 

Treena, Sérholmen: Lt 


Halden 
Torbjgrnskjser: Lt 


& Or Go 
ow 


Sweden 


a 


Strémstad 


Ytterholmen: Lt Ursholmarna: Lt 


Bremsteinen, Heim¢y: Lt 
Sklinna: L 

Nord¢yan: Lt 
Gjeslingene: Lt 
Ellingrasa: 

Kya: L 

Buholmrasa: Lt 


DOD 

He Or Or 
Lmao 

aSnNnntreao 


AZABABALZLLALZLZAALLZLZLALLALZLALZZLZLAZ ZZALZZ 
CerNmwrHRact 


SDBDWONWOKW OO BBaS a 


ee 
Bit SPSS eee eee eee eee 


CO OO 
end 
oo 
CONN KFOTONRREAWON RE oO 


PRASRSBSSRPSSSBSSES 
ALZLZLALZALZALLZALZAZLZLZALSA 


RLSSLERRES 
NOP RAO NNW 
AGsae 


Wwomnodewrew 


Tylo: Lt__- 
Halmstad 


9 oor) 


oo 


Sletringen: Lt 
Trondheim 
Haugjegla: Lt 
Skalmen: Lt 
Grip: Lt 
Kristiansund 
Hestsker: Lt 
Kvitholmen: Lt 
Ona: Lt 
Storholmen: Lt 


— 


OO OR Oe ROOT OT OT OTD. AMWAIINNNVNOWMDWDODOOOOSOSD 
oa 
for) 
N 


forKor} 
Ow 
wre 
No 


foros) 
wow 
mb 
He» OO 
cunt 


> 

w 

i=) 
wn 


Halsingborg 
Ven, Haken: Lt 
Landskrona 


ceo OnNnran 
OD 
Dow or 


Klagshamn 
Falsterbo: Lt 
Trelleborg 
Smygehuk: Lt 
Ystad 
Sandhammaren: Lt 


Nor 


Gress¢yene: Lt 
Rundgy: Lt 
Svingy: Lt 
Krakenes: Lt 
Kvanhovden; Lt 
Yttergyane: Lt 


838s 
SSSSESSSLSESS SVRSEASSRaS 


wWoror 
owe 


for] 


or) a 
ZALZALZLZLZLAZZALZALZALZLZLZLALZLZLALALLAZ 


ang 
DDD 
a} 


> a> 
CORR RPREHNN 


WRACHENNWARONWRAOHEWROS 


omwowvowowowosabd 


3 


eB OROMTHN OPN 
SRSA 
DAR 
HO 
orn 


Karlskrona 

Utklipporna: Lt 

Kalmar 

OLAND 

—Olands Sédra Udde: Lt 
—Kapelludden: Lt 
—Olands Norra Udde: Lt 
GOTLAND 

—Stora Karlsé: Lt 
—Hoborg: Lt 


—Ostergarn: LW cpg elec cpn 


Slatterdy: Lt 
Ryvarden, Mylstrevag: Lt 
Haugesund 
R¢versholmen: Lt 
Utsira: L 
Geitungen: Lt 
Stavanger 

Feistein: Lt 
Obrestad: Lt 
Egergy: Lt 

Lille Prestskjer: Lt 
Egdeholm: Lt 


Lista: Lt 

Rauna (Listerrauna): Lt 
Lindesnes (The Naze): Lt 

Ry vingens: Lt... --=>---=5 > 
Songvar: Lt 

Oks¢y: Lt 

Kristiansand 

Homborsund: Lt 

Torungen ss Litas. ansss-=4--===+- 
Ytre M¢kkalasset: Lt 

Lyng¢r: Lt 

Jomfruland: Lt 

Tvesten: Lt 

Svenner (Svender): Lt_--------- 
Feerder: Lt 

Fulehuk: Lt 

Tonsberg 

Oslo 

Guldholmen: Lt 

AC es BA oe eae TT 
Torgauten (Strémtangen): Lt--- 
Fredrikstad 

Struten: Lt 


oa 
on 
ao 


BSz22SS 
ox 


MOerROOF 
SEO SR eS Se eee 


i] 
ony wo 


an 
x 
a 

BK DODRAED 


oon 

axa 

on 
DWAINIAAHAAID Nn 


Haradskir: Lt 
Arkésund 
Norrképing 
Oxelésund 
Grankubben: Lt--- 
Landsort: Lt 
Huvudskir: Lt_-- 
Sandhamn 
Stockholm 
Gronskir: Lt 
Svenska Hoégarna: Lt 
Sdéderarm: Lt 
Tjarven: Lt 
Svartklubben: Lt 
Understen: Lt 


BH BS 


SSSSSRaSE 
ZAACALLLZAZLALZLZLZAZLZZALZAZLZAZLALZLAL ALZLLZALZALALALZALZLZLZLLZZLZZLAZA 


COO DDOWOM oO 
Ae EAN DURBDOPWNH CHOCOWHr HOW Nhe oor 


WE WWWOMNWOOLRNW SOOLWORWWNHE AWW 


SrOoONnNnyarHo 
NIN TAD BOW 
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APPENDIX S 
MARITIME POSITIONS 


WEST COAST OF EUROPE—Continued 


inden Place Lat. Long. Tosa 
Sweden—Continued 43100 
° , ° , 
42200 | Eggegrund: Lt 17 84 E || 43110 
210 Ces | eee eee 17 10E 
220 | Storjungfrun: Lt______- 17 21E 120 
230 | Sdderhamn___----__._-- 17 05 E 130 
240 | Hallgrund: Lt 17 25 E 140 
200) PAO PIG We bk Fee nn n= 17 22E 150 
260) || MEL CSO Ba ww nero 2 oss a 17 07 E 160 
210) | WSIS GUS OM aL fs oan em ne 17 34 E 170 
SO) [hGH ATA) Di All te Penne Bee nnn 17 388 E 180 
200) MBra mou Wb i === ses senses ee 17 45 E 190 
42300 Sundsvall ic ws sor 5 Do or 5 Se 1719 E 
310 | Astholmsudde: Lt-.---..2_.-_.- 62 23 N 17 44 E ae 
320) | PEL oktubp sit oe sme ene 62 36N | 1803 E 210 
a0) | Flarndsandes . SUS. 222) 62 38 N 17 57 E 29 
vii) orem ybte 62 39N | 18 06E 0 
800! | tog bonden:s tis 2. 22S 62 52 N 18 25 
360) | Wlvoarna Lt Te 63 01 N 18 41 E 43300 
370 | \Ornskoldsuth-2--_. £212 63 17N | 18 43E 
O80, | ISkag a let Be eon aeons 63 12N | 1903 E || 43310 
390) |Storbadamie Ut.) 2 tess 63 25N | 19 36E 320 
42400’ |) ;Bondens Itt. 63 26N | 2003 E 330 
410 (iia a, eS ae 3 49 N 20 17E 340 
420 | Gadden (Holmogadd): Lt_____- 63 36 N 20 45 E 350 
430) | WagaronemLt. =.) 2) 63 41 N 20 56 E 360 
440 | Stora Fjdderiigg: Lt_...________ 63 48 N 21 00 E 370 
450) kicaiar eee ate eee ee ee 6400N | 20 545 380 
460 | Yttre Vannskdr: Lt__...........|6410N | 2108E 390 
470 | *Blackkallen: Ut. -. 22222212 64 20 N 21 31E 43400 
480 | Bjurdklubb: Lt__._.__________- 64 29N | 21 35D 410 
200! EROnnS Kanai soccer 65 02 N 21 34 E 420 
42500 |iRédkallenseTt-s65 6519N | 22298 430 
DLO. WELUled: See te Be ee ee 65 35 N 22 10 E 440 
620, iMalorem atl oo 65 82 N 23 34 E 450 
460 
470 
42600 Finland 480 
G26TO WE Tonto oe oe oe at N 24 OV E Fe 
O20 Cee ae ee N 24 34 E 
630 | Ajossaari (Ajosholm): Lt N 24 381E 43600 
640 eee: Soccer | See ee N 25 28 E 
650 | Hailuoto (Karlé), Marjaniemi 43610 
TTT Se ee ee ateae ceeteae etme 2N 24 34K 620 
660 | Ulkokalla: Lt__ 0 N 23 27 EB 630 
CO hankatradt 2 as. 63 57 N 22 51 E 640 
680 | Hallgrund (Khelgrund): Lt____. 63 39 N 22 25 E 650 
690 | Valsorarne (Valassaari): Lt_____| 63 25 N 21 04 E 660 
42700 | Norrskér (North Quarken): Lt__| 63 14 N 20 86 E 670 
On) Vaasa. (Vigs@) coe ee 63 05 N 21 34 E 680 
720 | Stro6mmingsbAdan: Lt______- \__| 62 59N 20 45 E 690 
730 | Sjaélgrund (Salgrund): Lt__.____ 42 20 N 2111E 43700 
740 | Kristiinankaupunki  (Kristine- : 710 
SLOG) ae, emit ere ree cree kee 62 17N 21 24 EF 720 
750. NY ttererund (ht. | ys 61 59N | 21 18K : 
760 | Sappi (Sebbskar): Lt___________ 61 29N 21 21E 4380: 
770 | Nurmisaari (Nurmes I.) 6112N | 21208 : 
TSO MR OUWIMN = Mere 61 08 N 21 30 E 43810 
790 | Kylmiépihlaja: Lt_ 61 09 N 21 18 EB 
42800 | onskire Ite pases ss 9-222 lle 60 43 N 21 01E 43900 
810 | Salskar, Sédra Salskar: Lt__.___ 60 25 N 19 36 E 
820 Tt Markets Tht taco: 22 --2nses ec sue 60 18 N 19 09 E 43910 
830 | Heligman (Hellman): Lt_______ 60 13 N 19 19 E 
Sa0eeGisslane® Iseteues= ses caUee Skee de 60 10 N 19 18 E 92 
BON MK drat ULE foes 200 so cte sc ee 6002N | 19 54H |] 920 
860 | Nyhamn: Lt...._............. 59 58N | 1957E eal 
STOUM Lagskiny hase seeums soa week one 59 51 N 19 55 EB 4400 
880 | Bogskaren: Lt................. 59 30N | 20 21K 
890) Ee Kokarsdren lites seene een 59 46 N 21 01 E 4401 
42000, UGS TL ae Uo 5047N | 21 228 || 44010 
910i) TurkwacAtio) loon ee 60 27N | 22168 030 
020) Bengiskine Lt... 0. t 59 43 N 22 31 E 040 
GS0U |p Russaros yt). 222" eee 59 46 N 22.57 E 050 
940) |» ang ((Hanko). i... ie i 59 49 N 22 57 EB 060 
950 | Stor Jussaré, Sundharu: Lt____. 59 47 N 23 33 E 070 
960 | Porkala Kallbida: Lt__________] 59 52 N 24 20 E 080 
970 | Kyt6 (Kyt6 Karingen): Lt_____| 60 04 N 24 45 E 
O80 his Elelstnihie ess). 8 = eee 8 60 10 N 24 58 E 44100 
990 | Harmaja (Grahara): Lt_._______ 60 06 N 25 00 E 
S000" #SéderskAra it. ..----5.0 1. 00. 60 07 N 25 26 E 130 
010 Orrengrund: 10S ee eee 60 16 N 26 27E 140 
020 | Rédskir (Ruuskeri): Lt________ 59 58 N 26 42 E 150 
030 | Someri (Sommars): Lt_____ 60 12N 27 40 E 160 


Place 


USSR 


Ostrov Sur-Sari (Hogland), 

Mys Launat-Revi: Lt_______- 
Ostrov Narvi (Nerva): Lt______ 
OstrovsHalli:: Li... 24 220 
Vybong WV iborg)-- =. ---------. 2. 


Serkoluoto (Sdrkkdluoto): Lt___ 
Mys Styursudd (Seivast6): Lt__ 
Leningradssee 2 
dcronshiad: te eae 


Ostrov Kotlin, Ostrov Kron- 
lal Foee C1 Bint eee ene ee 


Estonia 


Nanva-JOestitience a seen 50s! 
PohjasUhtianitess2 2 2 
Vaindlo (Stenskar): Lt_________ 
Mohnisaar (Ekholm): Lt_______ 
Keris(Kokskaro its. -- 
Aegna (Wulf I.): Lt____ 
Tallinn (Reval) . --__ =~ 
Naissar (Nargen): Lt___ 
Suurup:(Sourop): Lt. 2 Se 
Pakrineem (Paker Ort): Lt_____ 
Osmussaar (Oldensholm): Lt___ 
Takhuna Nina: Lt) 2-222 
Ké6pu Poolsaar (Dagerort): Lt__ 
Ristia LG 19 gees oe KS 
Vilsandi (Filsand): Lt__________ 
Sorve Nina (Svalferort): Lt 
Allivah uy apt 2252-5 sess 


Kihnu(Kin6) dit sass soe 
Pirin Fie 38 ian es en 


Alnadi So Se Soe en soe een een ee 
Kcurmraestal tae oan ae on ee 
Rigat (Rigg) stens=22s5 eee ee 
Daugaveriva: Dts 2... ----..-' 
M érsraps Mito Ae 
Kolkasrags) Lt__ set une Tee 
Mikelbikam ict e 2.050252 22. 
OviSl Giyser Ort)! ite-c-e ee 
Ventspils (Vindau) (WV 

Uzava (Backofen): Lt._________ 


Lithuania 
Klaipéda (Memel)....---________ 
USSR 


Mys Taran (Mys Bryusterort) 
(Brusterort): Lt 


Poland 


Lysica (Kahlberg): Lt__________ 
Gdatiski(Danzig) 2-2 


Gdynia 


Oran 

oo 
NWR RP 
SSsesete 


SSSSS 
BSR aVses 
ZALZLALZLZLZLZALZLZLZALZALZALALZ 


WARDO- 


2 
57 33 
56 57 
4 
2 


N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 


on 
a 
oo 

BR O60 


a 

a 

ao 
Now 


55 42 N 


arn 
a 
Lo ew) 
Be OD 


54 3 


BARA 
eo 
ZLZZALZZALAZZ 


AaANSDWbw 


i) 

a 

w 
Nr bh 


26 2 


bo bo hob 
ERRAR 
WE RO hm 
FORRES 


SERN 
SBS 
bo 
eleoteoteheioletcictesteicstelesfeshesieofeopeo|co} 


NNNwrNyr 
NN Db 
ORO 
NPOWD 


23 1 


8 
or 
Sea 


hobo bobo 

SSRRR 

wooorn 
NH DN 


Nwnw 

Pee 

onw 
eofeoteoteoicoMicoicoicoleoiesicics| 


OPN WwW OC 


21 09 E 


19 2 


— —_ 

oo oo 

rm > 
SORSSN 
eofeoieofesieohes|es|es| 


oS 


17 3. 
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APPENDIX S 
MARITIME POSITIONS 


WEST COAST OF EUROPE—Continued 


Fedex Pines Lat. Long. Inde Place Lat. Long. 


0. No. 


Germany—Continued Denmark—Continued 


—Nykgbing 

—Sjellands Rev: Lt-_. 
—Sejer¢ (Sejré): Lt 

—Ré¢snes (Revsnes) Puller: 


g &8- 
HBR ° 


Swinoujscie (Swinemtinde) 

Szczecin (Stettin) 

Greifswalder Oie (Greifswald 
1) t 


ED 
REP BOT. 
BoA Aan 


fos} 
oot 
_ 


RUGEN 

—Sassnitz 
—Kollickerort: Lt_- 
—Ranzow: Lt-_- 


—Vordingborg 

Vejr¢ (Veiro): Lt_- 
Om¢, Langelands @r 
Agers¢, Helleholm: Lt- 


rSs8s 


Coro 
Be 


G3 69 
Oe 
SERRE eS St 


OOnananagn 
AOA Grr Gr Or Gr Or 


yew 
OO 
ios 
www t 
woe bo 
CON AND 
OO 
AAA 


PACK SPOSSHEHEWWHWNWWHH 


—Roms¢: Lt 
—Korshavyn: Lt---- 


OPA TFONAWoOOt OF 


ESSSS ANSASRSESSRYESE SSSNASSSE ROE ~ 


He 
wr 
leofesfesfeoieo mmc teteicteolerfeolcoieoicoteoic> ico] c>| 


B8838ea8 
Chel td ed el td ld dd ed tt Bo 


—Middelfart 
—Tvingsbjerg: Lt-- 


SES nae e eee 


ZZLZZALZLZLALZAZALZLZLALZZA 
oy 


PREV RSSH SSB 


oor 
ee 


—Svendborg 

FEHMARN —Elsehoved: Lt 

—Staberhuk: Lt LANGELAND 

—Marienleuchte, Ohlenburgs —Rudkgbing 
Huk: Lt —Frankeklint: Lt 

—Westermarkelsdorf: Lt 

—Fliigge: L 

Neuland: Lt 

Kiel, Nord-Ostsee-Kanal_- 

Wik (Vik) 

Friedrichsort: Lt 

Bik: Lt 

Eckernforde 

Schleimiinde: Lt- 

Schleswiges ees 

Falshoft: Lt 

Flensburg 


ia 


coooo coo eCnNnNnDooOoO 


DOOD AWAWDOON OL OH~30 8 
ZALZAA ALAAAALAAAAZAALZA AZAAALZAZAZA ZLAZ 


sae Of 
Nwew no 
INS 
Z2Z 2 
aa 


on 
~ 
iw] 
bdo 
> 


= 


aeee 
SS2S3NNN8 


oa 
~ 
ae 


=a 
oo 
OOM MO ROAD W WWM EAI OH ANT RON WH NOW OP ROR RR ERO OR Fhe 


AADAWRHBHINEAWHDANARDBDOCSODROKRP HPWH RWOND 


ALS 
—S¢nderborg 
—Kegnes (Kekenis): Lt 

—Pé¢ls Huk: Lt 

—Traner Odde (Tranerort): Lt- 
—Nordborg: Lt 
Aabenraa 


Z22ZZLZLZLALZLZALAZ 


ororor 
ee 


Denmark 


Christians¢: Lt 
BORNHOLM 
—Hammer Odde: Lt 
—Sandkaas Odde: Lt 
—Dueodde: Lt 


DWOWwWanwar ~ 


on 
o 
=) 
© 
Z 


Damgaard: Lt 

Predevicia soe << reer, 
Trelde (Trelle) Nees: Lt 

Vejle : 

Hjarn¢: Lt 


oa 

o 

S 

o 
Oona 


M¢n 

—Hellehavns Nakke: Lt 
—M¢n (Moen): Lt 
FALSTER 

—Stubbekdbing 
—Hestehoved: Lt 
—Gedser (Gjedser) Odde: Lt--- 
—Nykobing 

LOLLAND (LAALAND) 
—WNysted 

—Hyllekrog: Lt---- 
—Nakskov 

—Kragenzs Havn--- 
—Bandholm 

SJALLAND 


38 8 


o ao 
oo Oo 
— 
eo © 
te Gn te a en ae 
ann Or Or Gr Or ee 
— 


coweowvvovooovounuvovnovvoowvoe 


ee 
Oo 


Sams¢, Vesborg: Lt 
Tun¢: Lt 


Sletterhage: Lt 
ee ES ahi 


aac 
SaaS 


WNHEOAPWCOWNNORrSCSUFSASH 


@rm~warnwo Sasss5 Qo 
ZALZLZLZLZZ AZAZAZZ A2ZZZ AZZ 


aaeae 


Gerrild, Knudshoved: Lt 
Udbyhdgj (Elkjerbakke): Lt---- 
Anholt: Lt 


Aalborg 

Les¢, Syrodde: Lt 
Nordre R¢gnner: Lt 
Frederikshavon 


—Fare Havn 
—Stevns Klint: Lt-- 
—Koge (Kioge) 
—Drogden: Lt 
—Nordre R¢gse: Lt fi 
—Kgbenhavn (Copenhagen) Hirsholm: Lt 

—Trekroner: L Skagen, Jutland (Jylland) --- 
—Middelgrund: Lt Gamle Skagen (Hojen): L 
—Flakfort: Lt Hirtshals: Lt 

—Helsing¢gr Rubjerg Knude: Lt 
—Kronborg: Lt Hanstholm: Li 

—Nakkehoved: Lt Lodbjerg Kirke: Lt 

— Gilleleje Thyborgn, Jutland ( Jylland) 
—Lysegrund: Lt Bovbjerg: Lt Bes 
—Hessel¢: Lt Lyngvig, Holmsland Klit: Lt-- 
—Spodsbjerg: Lt- Ringkgbing, Jutland ( Jylland).-- 


WONKES 


w 


i) 
~ 
ZALZALZLAZLZALZLZALAAZLZLALALZLALZLZLALZALALZALZLZLALZZLALALALAALZLAZALZLZLZLAZ AZ 


SES ESSE Sess 2 


One et ho oo 0 
VSO Oe OS 
esfeteoleoheshesfeo ic] 
SCOMPPONHOSS 
MWmmmMmMmDnDDoo 


APPENDIX S 
MARITIME POSITIONS 


WEST COAST OF EUROPE—Continued 


Place Lat. Long. Todor Place Lat. Long. 
Denmark—Continued France—Continued 3 
° , ° , , ° , 
Blaavands*Huk: Lt_-__.--_____ 55 33 N 8 05 E 47790 | Somme, Le Hourdel: Lt-_-_------ 50 138 N 1 34E 
Graadyb, Skallingen: Lt_______ 55 28 N 819 E A780! |e por seeee a= = ee 50 04 N 122E 
Esbjerg, Jutland (Jylland) ___---- 55 28 N 8 27 E S10: | Dieppe as a nse eee a eee 49 56 N 105E 
Fang, Fang Lo: Lt__._____.-__- 55 28 N 8 25 E 820i IwPointe dgAiltys, Lt...-2—-- 2-53 49 55 N 0 58 E 
830 | Saint-Valery-Fn-Caur___-------- 49 52N 043 E 
Germany 840) IMP ecam pee Beets cco cs es snake 49 46 N 0 2E 
850: |, CapidAntifer:BilLiss es ee 49 41 N 010E 
SYLT 860 | Cap de la Héve: Lt___---_------ 49 31 N 0 04E 
—Ellenbogen: Lt_.-.-----...._- 55 03 N 8 24E 47900 | SEINE 
—Rote Kliff: Lt 54 57 N 8 21E 910 | —Le Havre 49 29 N 007E 
—Hornum Odde: Lt 54 45 N 817E 920 | —Rouen----- 49 27 N 106 E 
Amrum, Norddorf: Lt___- 54 40 N 819E 48000 SRE roupiiet me = 22 2 oe 49 22N 005 EF 
WEL SUsG ieee ee 54 29 N 9 03 E OLO) MOuistichanis tists _ 22 ee 49 17 N 015 W 
Westerhever Sand: Lt____ 54 22 N 8 39 E 020 en AK PO nn acn= 2 oe 49 17N 015 W 
OR TING Te cea 54 19 N 8 57 E 030) |\MPointe deWers Lit .-=-- =... 49 20N 0 31 W 
Busumalte 54 08 8 52 EB fles Saint-Marcouf, fle du 
Helgoland: Lt__--__-__- 54 11 N 7 53 E on Tae Ue bee Bein 49 30N 109 W 
Nene WBS ote 53 55N | 8 305 050 | Pointe de Barfleur: Lt__________ 49 42 - 1 16 u! 
Cap L Rell) ee ee eee ae, 49 42 1 28 
—Brunsbittelkoog, Nord-Ostsee- Pep Cnt i Te Ore Ay 49 39 N 1 38 W 
Kanal (Kiel Canal) ___------ 53 53 N 909 E 080 | Cap de la Hague, Gros du Raz 
A LON ie eee ne ee eee ee 53 33 N 9 56E 1 0 Oe Rs Sn. ono 49 43 N 157W 
pp LUT Gene eee 53 33 N 9 58 E 090 | Cap de Carteret: Lt____________ 49 22N 1 48 W 
ay retmeeng sa = 53 2a at i ie 48100 | Semequet: Ite 5-5 ss ssbb sssse 49 06 N 140 W 
Tien oo 110 | Grande fle Chausey: Lt______- 48 52N | 149W 
‘ i ihou): 
—Roter Sand: Lt.-......-...._. 351N | 805E 120 | Pointe du Roe (Cap Li ite 
—Hoher Weg: Lt_-----__- 43N | 815E Lt. _------. 
= 130 | Granville 1 36 W 
snemernaven_.--2-2--2=-2- 33 N 8 34E if ; 
eS i 140 | Pierre de Herpins Lit_---2- "2 48 44N 149 W 
Wesermtinde__-..--------- 32 N 8 34 E 
Ps 150) |; Rochebonnes Wt------.--_- 48 40 N 159 W 
UNondenh@i sas == == aS 30 N 8 30E : 1 1W 
—Bremen_..--_------2------ 07 N 8 43 E 160 Saint-Malo- -=-~----------------- 20 Ww 
Withelmshaven__--------_-_- 31N | 809E 170 | Cap Fréhel: Lt 2 19 
3 180: |pGrand Méjon staan. 48 45 N 2 40 W 
Wangerooge: Lt__----______ 47N 7 64 E 
Norderney: Lt___.__- 43 N 714E 190 | Roches Douvres: Lt___..-_.___- 49 06 N 2 49 W 
Borkum: Lt................ 35 N 640E 48200 | Les Heaux de Brehat®) Ltz--_-2- 48 55 N 3 05 W 
EE ACT Se a ee 22N 713E 210 MUesiSeptilless ts es 48 53 N 3 29 W 
220 Plateau des! Triagoz: Lt........ 48 52N 3 39 W 
Netherlands 230 | fle de Batz (Bas): Lt_-..--.-_.- 48 45N | 402W 
Dele see ee en) TAY eee 53 20 N 656E 240 Tle Vilerce tt oo swe sneer 48 38 N 434 W 
Schiermonnikoog: Lt_____-_____ 53 29 N 6 09 E 48300 | ILE D’OUESSANT (USHANT) 
Ameland, Amelander Gat: Lt__| 53 27 N 5 388 E S1OL. Whe iS titi t- ee ee 48 28 N 5 03 W 
Terschelling, Brandaris: Lt_.._.| 53 22 N 56 13E 320: js ——Oreach ei thee 2. eee 48 27N 5 08 W 
Viieland, Vuurboetsduin; Lt___| 53 18 N 5 04 E 330. ——La uments tas. — = eee 48 25 N 5 08 W 
Texel, Bierland: Lt_____.-.____- 53 11 N 4 51E 48400 | Binte de Corsen: Lt___________- 48 25N 448 W 
Zeegat van Texel, Kijkduin: 410 | Presqu’ile de Kermorvan: Lt___| 48 22 N 447 W 
Lt_.. BR els memset aia ae ase 52 57 N 444E 420 | Pointe de St. Mathieu: Lt______ 48 20 N 4 46 W 
Zanddijk (Grootekaap): Lt____- 52 538 N 443 E 430 | Chaussée des Pierres Noires: Lt_| 48 19 N 4 55 W 
Egmond aan Zee: Lt___--______ 52 37 N 4 37E 440) (sr este See ee 48 23 N 4 30 W 
TMU CN le eo ee ee eco 52 28 N 4345 450 | Pointe du Toulinguet: Lt_______ 48 17N 4 38 W 
Amster dine ——~osern nse see oe 52 22N 454E 460 ilaDowannenézas-ssee ee 48 06 N 419 W 
Nos aan Zee! Lto_-2-._._- fe i N ‘ a E 470 | Chaussée de Sein, Ar Men: Lt__| 48 03 N 5 00 W 
ChEVENINGON ora SSS a secee 5 T + 
Hoek Van Hoiland._---_------ SL oNo pn aan) Naan | pliant Te aes sone 
Rotterdam..__.------------------ 51 55 N 4 30E 48500 Audierne.....__.. etree seo) N 4 32 W 
P20 ATCO Oe eon aoe 51 48N | 439E || “510 | Pointe de Penmare’h (Eek- 
Goeree, Westhoofd: Lt__._____- 51 49 N 3 62 E miihl): Lt 47 49 N 422 W 
Sa a ad Schouwen Lt_ a = x 3 41 E 620 | \Concarneatt. n22c02o 22a s 47 52N 3.55 W 
estkapeile: Ute .2s2e 2 ae 51 32 3 27 E Nee Pe A ae nr 
Vlissingen (Flushing) .--------__ 51 27N 336E 530 | Ie de Penfret: Lt___._-..______- 47 43 N 3 57 W 
Terneuzen (Neuzen)...--------+- 51 20 N 3 49 E 540 | Ile de Groix, Pen Men: LLt_____. 47 39 N 3 31 W 
Nieuweslitist iit. sceseee sees 51 24 N 3 30 E 550 Lorient. 28 seo See ee ae 47 45 N 3 21 W 
Belgi 48600 | BELLE-ILE 
gium 610 | —Pointe des Poulains (Poulains 
Antwerpen (Antwerp) .-----_-__- 51 14N 4 24E 620 qa a Wer tab. cls wee : 4 = 
Gent (Ghent) Be ne eee 51 03 N 3 44E 48700 | Le Palais z is 309 W 
Zeebrugge. ----.--------------~-- 51 20 N 3 12E 710 | Les Grands Cardinaux: Lt____- 250 W 
Brugge (Bruges) ......----------- 51 13 N 3 13E 720 | Port Navalo ; 255 W 
Oostende (Ostend) ...-------- 1-21 51 14N 255E aque Groin ce es 2 31 W 
Nieuwpoort (Niewport)--_-.--__- 51 08 N 244K 48900 (Gren Me Gl ienss-2 nan ., bh0M 
810" |" —SatniNacaire a= eee eee 212 W 
France 820 | —Donges__.-_--_-__.. 204 W 
Dunbar queen eumecceictd ShOBINNG INEZ, 2128 Nievteay pene ope gear 4 ope 
ek tea alana PUN | 6207 E || 48900 | Pointe de Saint-Gildas: Lt 215 W 
Cap Gris-Nez: Lt_....--___._...| 5052N | 1355 910 | He du Pilier: Lt 2 22 W 
tee oe ie 7 sallilaciaae a a _ ' Pn E 920 | Ile d’Yeu, Petite-Foule: Lt 2 23 W 
Oe Le eee eo 34 F 930 | St. Gilles sur Vie 156 W 
Levfouquet; Mie. sale See 50 31 N 1 36 E , , 
Pointe du Haut Bane: Lt... 50 24N | 134m || 940 | Hee Sables-d’Olonne 1 48W 
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APPENDIX S 
MARITIME POSITIONS 
WEST COAST OF EUROPE—Continued 
Inde Place Lat. Long. Indes Place Lat. Long. 
France—Continued prea) : Spain—Continued 
, ° , fo} 4 
48950 | fle de Ré, Pointe des Baleines: 40720i\lp La, Corwios tee a -2 eae 43 22N | 8 24W 
ite eee 134 W 730 | Torre (Tower) de Hercules: Lt_| 43 23 N 8 24 W 
OBO Geli Céneans OS oan es 113 W 740 | Isla Sisarga Grande: Lt__------- 43 22N 8 51 W 
OZOH tae trochelless— 226 - 2_2 22522 8 1 09 W 750 aba mulene: a 43 10 N 9 13 sad 
Tle d’ Aix: 760 | Cabo Torifiana: Lt---- 43 03 9 18 
300 Teeerariek wees Dae 5 os us 770 | Cabo Finisterre: Lt_--- 42 53 N 916 W 
x E Poe snyyeeees, 780 | Cabo Corrubedo: Lt--- 42 35 N 9 05 W 
49000 | He d Oleron, Pointe de Chassi- 46 03. N = 790 | Isla Salvora: Lt 42 28N 901 W 
RA 2 See : 1 25 49800 | Villagarcia.......------ 4236N | 8 46W 
49100 | GIRONDE St ea 
110 | —Pointe de la Coubre: Lt_-_---- 45 42N 114 W ay yee Ons; Lt: =. re i a 4 e MM 
120 | —Plateau de Cordouan: Lt----- 45 35 N 110 W 830 | Cabo del Home: Lt.... 42 15 N 8 52 W 
W380)" —Perre Neste: bti2_-- = _--- = 45 39N 1 06 W a ting Wad =e A end a har lpemetotane 42 14. N 8 43 W 
AAD Nien SCOR AR xen? acrner=t2377% 45 38N | 102W || 850 | Islas Cies, Isla del Faro: Lt___-| 4213N | 8 55 W 
LEO) Bordedtts -—-22+2c---tenn=-22280 44 51N | 0 34W || 360 | Isla de San Martin, Cabo Vicos 
= EON oe Y aeeeeceeeneae eae Mite TE ao eh Nea araaeele © x8 4211N | 853 W 
210 apmerret: Dt: i=--32222 esse=, 44 39 115 r- STITT ites lee ace 4 V 
220 Arcachon = es 4 40 N 1 10 W 870 | Cabo Silleiro: Lt_.---- 42 06 N 8 54 W 
230 ontis-les-Bains: Lt__------ -| 44 05 119 49900 Portugal 
AON IESONECOU en a ee w= -| 43 31 N 1 29 W 
ZOE EA ONTE™ — een eons ae ae -| 43 30N Thosbyadl scoral ine ahaeNiontodor Lint ieee ee 41 4 52 W 
260 | Pointe St. Martin: Lt... lar son || Masew [ened ppabewipa eden: Lt.t -securtan rata Bese ous 
270 Biarritz: - =. Sees See 43 29 N 1 34 W Tei bese on en ee 41 11N 8 42 W 
7 930 | Porto de Leizrdes_- “ 
280 | Pointe Ste. Barbe: Lt__ ccc} 43, 24, Ni 140 W 940 | Pérto (Oporto) _- 41 09 N 8 36 W 
PS Tk ge sha - ---| 43 24N | 140W | 950 | Aveiro. a= 2 o-------- 40 39N | 8 39W 
3 WW Se See ae ee as 960 | Cabo Mondego: Lt 40 11N 8 54 W 
970 | Penedo da Satidade: Lt_-_------| 39 46 N 9 02 W 
49400 Spain 980 | Farilhado Grande: Lt-_----------- 39 29 N 9 33 W 
4 990 | Ilhas Berlengas: Lt------------- 39 25 N 9 30 W 
49410 | Cabo Higuer: Lt_.-------------- 43 24N 1 48 W || 50000 | Cabo Carvoeiro: Lt------------- 39 22 N 9 24 W 
420 | Pasajes de San Juan 43 20 N 1 56 W 010} Caboida Roca: Lt..-._----_-__= 38 4, N 9 30 W 
430 | Cabo La Plata: Lt_------- 43 20 N 1 56 W 020 | Cabo Raso: Lt_.---------------- 38 42 N 9 29 W 
440 | Isla Santa Clara: Lt_--- 43 19N 2 00 W 030 | Lisboa (Lisbon) -------- pion tek oo 38. 42 N 910 W 
450 | San Sebastian.------------------ 43 19N 159 W 040 | Forte Bugio, Tagus River: Lt_-_| 38 40 N 918 W 
460 | Punta Santa Catalina: Lt..-_-- 43 23 N 2 31 W 050 | Cabo de Espichel: Lt_-.-------- 38 25 N 9 13 W 
470 | Cabo Machichaco: Lt_--------- 43 27 N 2 45 W 060 | Settbal___..--------------------- 38 31 N 8 54 W 
480) |, Punta Galea: 1t2-2--s-<=-=-=- 43 22. N 3 02 W 070 Cape de ees Rais Eoors Soa oe ar a N : a is) 
AGB ELD G Ole eee Se eee 43 16 N 2 57 W 080 abo Sangaovsut..-2--—=.=.-.5-- é 
49500 | Castro- Urdiales____-------------- 43 23 N 3.13 W 090 | Cabo de Sado Vicente: Lt__------ 37 01 N 9 00 W 
PIC Dah Ee 43 26 N 3 27 W || 50100 | Ponta de Sagres: Lt_----------- 37 00 N 8 57 W 
5201... Cabo; dea joi Lteees esses 43 31 N 3 35 W 110 | Ponta da Piedade: Lt_---.------ 37 05 N 8 40 W 
530 | Santand : 43 28 N 3 47 W 120 agos 37 06 N 8 40 W 
WUULINAET eee ek a eS : ihe a ee ee eee 
540 | Cabo Mayor: Lt--_-- 43 29 N 3 47 W 130 | Ponta Ge amen Cone Car- ree Nee 
550 | Suances (San Mar voeiro do Algarve): Lt__------ 
ranges ed tf Se trctin soeae ce 43 27 N 4 03 W 140 | Cabo de Santa Maria: Lt__.---- 36 58 N 7 52 W 
560 | San Vicente de la Barquera-_-_---- 43 24 ah 4 oe Y 150 | Vila Real de Santo Antonio.----- 37 1LN 7 24 W 
EON NRO AN CSbL Ea oe 43 28 5 
580 | Monte Somos: Lt-- 43 28 N 5 05 W || 50200 Spain 
GND CED 9. Oe 8 Oe a 43 33 N 5 40 W : , 
49600 | Puerto del Musel__-------------- 43 34 N 5 42 W || 50210 | Punta del Rompido (Rompido 
610°|. Cabo' de’ Torres; Lt.-----_------ 43 34 N 5 42 W depCartaya): It.2------s--ee 37 13 N 7 08 W 
620. | Cabo de\Pefias: ‘Lt:_....-------- 43 39 N 5 51 W 220 | Huelva__---- epee Fess 5N 6 57 Ww 
COUN Avice eee ee eee 43 36 N 5 56 W 230 | Punta del Picacho: Lt_- 8 N 6 50 W 
G40) (SORE BEUOM sor Samasisn Jha sss ee 43 34 N 6 05 W 240 | Sevilla (Sevtlle) eo ereta 3s 3 N 6 00 W 
600. Cabo.Buste;.Lt._...---.---2.--- 43 34 N 6 28 W 250 || Chipionai Lt_-_-------- 4N 6 26 Ww 
660" Isla apias Lt. ...-.---.4.2<se5e 43 34 N 6 57 W OGD sd eleOlde 8 Ge os ac opae nas _ 7N 6 22 W 
670 | Punta de la Estaca de Bares: 7 OilwOCddt? ap -Uecna.------- Soe 3 2N 6 18 Ww 
KES eee 43 47N 741 W 280 | Castillo de San Sebastian: Lt_..| 36 31 N 6 19 Ww 
680 | Punta de la Candelaria: Lt_---- 43 43 N 8 03 W 290 36 11 N 6 02 Ww 
690i Cabo PrierssLt. 2 ..----.------- 43 34 N 8 19 W || 50300 36 00 N 5 36 Ww 
49700 cobs Priorifio Chico: Lt__------ - 2 * : op sa ay He nN ; * on 
CA Sao ee as 2 
ee 
MEDITERRANEAN AND BLACK SEAS 
51000 Gibraltar aN a Spain—Continued ash, Lao 
. , . iV 
SLOLOM| EGioEallory See nnn ot 36 08 N 5 21 W || 51190 | Almeria._.-----.-+----=-------=- 36 50 N 2 28 V y 
020 | Europa Point: Lt-....----------- 36 06 N 5 21 W oa cpbe a Gate, Mb # e Ny Z it Ay 
esa de Ro ee i 
51100 Spain ae es ata Lt a 3 N k be ws 
‘artage’ é 
51110 | Punta de la Doncella: Lt------- 36 25 N 5 09 W 240 | Isleta de Escombrera: Lt------- 37 33 N ‘ - Me 
POOP ATOTDEIL Gee 28 a ee 36 30 N 453 W 250 | Cabo de Palos: Lt-------------- 37 38 N ‘ ay 
130 | Punta de Calaburras: Lt------- 36 30 N 4 38 W 260 | Isla Hormiga: Lt--------------- 37 39 N 0 39 Ww 
a0 vipAsGlagas ee 2.2 -- 2 2. -2 Eee 36 44 N 425 W 270 | Isla de Tabarea (Plana): Lt_---- 38 10 N 0 28 W 
150 | Punta de Torrox: Lt-_-_--------- 36 43 N 3 57 W 280 | Cabo de Santa Polawltssse 38 12 N 0 31 wy 
160 | Cabo Sacratif: Lt.---.-------+== 36 41 N 3 28 W 200 tl) ALICUNLE ee - Seas aoe ween ep econ 38 20 N 0 29 f 
170 Gl ee b= ee eka 36 45 N 3 01 W || 51300 | Cabo de las Huertas: Lt-------- 38 21 N 0 24 W 
180 | Punta del Sabinal: Lt_-.------- 36 41N | 242W || 310] Punta del Albir: Lt..__.-------- 38 34N | 003 W 
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APPENDIX S 
MARITIME POSITIONS 


MEDITERRANEAN AND BLACK SEAS—Continued 


Place . Long. nee Place 


Spain—Continued France—Continued 


Cap Cépet: Lt 

Ile Grand Ribaud: Lt 
Cap d’Armes: Lt 

Cap Bénat: Lt 

Ile du Levant (Titan): Lt 
Cap Camarat: Lt 

St. Tropez 


Islas Columbretes; Lt 
Cabo de Oropesa: Lt 
Pefiiscola: Lt 


Villefranche 


Puerto de las Alfaques Cap Fens £e 


Punta de la Bana: Lt 
Cabo Tortosa: Lt 
Cabo Salou: Lt 
Tarragona 

Villanueva y Geltri: Lt 
Rio Llobregat: Lt 
Castillo de Montjuich: Lt- 
Barcelona 


NNNAIIARRWADW A 
NEE OSSUwWRO DH 
BOBISENYSSeH Ow 
cohesfeoteoicoeoieteshesie>ilcs|es) 


Monaco 


Monte-Carlo 


Corsica 


coe Senetosa (Aquila Point): 
t 


Ile Sanguinaire: Lt 
Pointe de Revellata: Lt 
Cap Corse: L 

Bastia 
Alistro: Lt 
Pointe de Chiappa: Lt 


Ile de Lavezzi: Lt 


Punta de Cala Nans: Lt 
Cabo Ureus: Lt 


WWWWWWWNNNNNEFHERHODDOCOCOOCCOCCOCOOSCS Oo 


SNOW SIR OSSS ere es eyreskeoseerecsss < 
ON WNHDNAGCSCCORMAOROD POR ONOWDO Th 


Sl ot tt St 


SSSR SSS SUNSSSSES4GRNASSSSNESSEE ~ 
ZLZLZLZALZLZLALALLZLZZLZLZZAZLZALZLZALZAZZZAZZLLZ 


OD OOOOOM WO 

oo wap 
mS SSNRES aS 
estes Meoteofesieoteieo il coics| 


Balearic Islands 


FORMENTARA Sardinia 


Capo Testa: Lt 
Isola Razzoli: Lt____ 
Capo Ferro: Lt 

lbia 
Isola Tavolara: Lt___- 
Capo Comino: Lt 
Capo Bellavista: Lt__ 
Isola dei Cavoli: Lt___ 
Capo San Elia: Lt___- 
Cagliari 
Capo di Pula: Lt_______ 
Capo Spartivento: Lt_- 
Capo Sandalo: Lt 
Capo San Marco: Lt 
Capo Caccia: Lt 
Punta dello Scorno (Punta 

Caprara): Lt 


Colas 
nw 
Orr 


IBIZA (Iviza) 

—Isla Conejera: Lt 
—Isla de Tagomago: Lt 
—Isla Botafoch: Lt 


Ce 


aNSS 
Hem ee ope pe He 
oOonrRee 
Ande 
DOr 00 or 


CJ 
Oo 
oo 


MALLorRCA (MAJORCA) 
—Cabo de Salinas: Lt 


NnNw HY NRE 
Owe i 


. 


CWrrOct oO 
ZAZLZLZALZLALZALALALALZALAZ 


NOWONH AMD 


= 


8 
BERES SSE 2 Sees ee 
OD DDMDMDDDDDOODODOOOO 


S SSASLSSSSRSeNsS 
S SRS eee eee 


Italy 


Capo dell’ Arma: Lt 
Porto Maurizio 


—Puerto de Mahon 
Isla del Aire: Lt 


ie ee CO CO ww 
HR Onp 
DOROOS 


France 


Cap Béar: Lt 
Port-Vendres 

Cap Leucate: Lt- 
La Nouvelle 


Genova (Genoa) 

Punta Vagno: Lt 
Punta di Portofino: Lt 
Isola del Tino: Lt 


Pointe de l’Espiguette: Lt 

Pointe du Sablon (Pointe de 
Beauduce): Lt 

Faraman (La Camargue): Lt__- 

Port-St.-Lowis-du- Rhone 

Port-de-Bouc 

Cap Couronne: Lt 

Marseille 

Pointe de Mourepiane: Lt 


ile d’If: Lt 


Livorno (Leghorn) 

Secche di Vada: Lt 

Isola di Gorgona, Punta Cala 
Scirocco: L 


S O00 00 0 00 0 ~3 
NSESSEISSSNSSS 
BS SESS Sess 


~ 


. 


ho RPOWwWW Wwww 


fe du Grand Rouveau: Lt 
Toulon 43 06 N 


oo 
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APPENDIX S 


MARITIME POSITIONS 


MEDITERRANEAN AND BLACK SEAS— Continued 


index Place Lat. Long. ines Place Lat. Long. 
Italy—Continued 55000 Italy 
° , ° , ° , ° ed 
53800 | Punta Lividonia: Lt 27N | 1106E |] 55010 | Capo dell’ Armi: Lt____________ 37 67N | 1541 B 
S1Oi Porn cote: ———__B.. 2S LEE 23N | 1113E 020 | Capo Spartivento: Lt_-___-- 3755N | 1604E 
820 | Forte la Rocca: Lt 2N | 1113E 030 iCapeistiloniutss. te... 38 27N | 16355 
830 | Isola di Giannutri: Lt 144N 11 07 E 040 | Capo Rizzuto: Lt_-_---- 38 54 N 17 06 E 
840 | Civitavecchia___------------------ O5N | 1147E 050 | Capo Colonne: Lt__---- 39 DIN | 1712E 
850 | Fiumicino: Lt--- 46N | 1213E 060 | Crotone___...----------- 39 05N | 17 08E 
SOOWE A coueesee naan 7N | 12 38E 070 | Punta dell’ Alice: Lt___- 39 24N | 1709E 
870 | Monte Circeo: Lt 41 13 N 13 04 E 080 | Capo Trionto: Lt-_----- 39 37 N 16 46 E 
880 | Isola Zannone: Lt 40 58 N 13 03 E 090) || Darantov 2). se se- ce 3 40 26 N 1712E 
890 | Isola di Ponza, Punta della 55100 | Capo San Vito: Lt_ 40 25N 1712E 
Giardia mlatsste = Sn 40 53 N 12 57 E - 110 | Gallipoli__-_-_-- 40 04 N 17 59 E 
53900 | Isola d’Ischia, Punta Impera- 1908 San Andréa:| Lt. ..--<~ eee ccd 40 03 N 17 57E 
POLO TRE Ure re ee aN 40 43 N 13 51 E 130 | Capo Santa Maria di Leuca: 
910 | Isola di Procida, Punta Piop- i ee et 8 Po oo cet 39 48 N 18 22 E 
DELO erie ene 40 46 N 14 01 E 140 | Capo d’Otranto: Lt__-- ---| 40 06N 18 31E 
920 | Napoli (Naples) __-.------------- 40 50 N 1416E 150 | Punta San Cataldo: Lt- .| 40 23 N 18 19E 
930 | Castellammare di Stabia_.------- 40 42 N 14 29E 160)" Brindisi.1..- 8 eae a ---| 40 839 N 17 59 E 
940 | Punta Campanella: Lt._.------ 40 34 N 14 20 E 170 | Capo Gallo: Lt_-- -| 40 41 N 17 56E 
54000 | IsoLa DI CAPRI 180) IP Bai eee eee eee ness oe 41 08 N 16 52E 
010 | —Punta Carena: Lt_-_--------- 40 32N 1412E 190; |. Motfetia ..- - 5 SSG ee 41 13 N 16 36 E 
0207 —10 Capo: Lt2. = s-----== 40 34. N 14 16E 55200 | Barletta_.-..------ -| 41.19 N 1617E 
64100 | Capo ad’ Orsor ties. -. =.= --- 40 38 N 14 41 E 210: | Manfredonial! e2u2 62 222293 5e.25 41 37N 15 55E 
AVG SGLELNO 2 20-4 22 a soon 5-2 Sa 40 40 N 14 46E 220 | Vieste, Scoglio Santa Croce: Lt_| 41 53.N 16 11E 
120 | Isela Dicosa:) Lt22-tes-- 22. 40 15 N 14 54 E 230 Isola, Pianosa;, (Lt.----.-------=3 42 138 N 15 45 E 
130°| Capo Palinuro;. Lt_...--.---=-.- 40 01N 15 17E 240 JeIsola,.Caprara: Tuti.-.._----_. =. 42 08 N 15 31 E 
140) || Capo; Bonifatindita- 2222222222 - 39 33 N 15 53 E 250 | Isola San Domino, Punta del 
150 | Capo Suvero: Lt-_------.------- 38 57 N 16 10 E Diavyolo:Wtses-s- =° sees. -—— 42 06 N 15 29 EB 
160 | Capo Vaticano: Lt_------------ 38 37 N 15 50 E 260 | Punta della Penna: Lt 10N 14 43 E 
170/\e ScillaywLtlt_ =... 228 See 38 15 N 15 43 E ZO APAUCORGR Ret. Se eer noe 37 N 13 31E 
180 1 Punta Pevzo:. Lt. 38 14N 15 38 E 230 \ehimeintee ee. 5 = 04 N 12 35 E 
54200 | IsoLE EoLiE (ISOLE LIPARI) 290 | Ravenna 29N 1217E 
210 | —Isola Vuleano: Lt_-.---------- 38 22 N 15 00 E 55300 | Punta della Maestra: Lt__.-----| 44 58 N 12 299E 
220 | —Isola Stromboli — (Isolotto BLO) IC hOGGIG se eee ee mae c een s= a 45 14N 1217E 
Strombolicchio): Lt-------- 38 49 N 16 15E 320 | Porto di Lido: NE Breakwater 
230 | —Isola Salina, Capo Faro: Lt___| 38 35 N 14 62 E Lisa Seen eae bt 45 25 N 12 26 E 
54300 | IsoLA D’USTICA 330) Wk Venezia (Venice) ....---=-===-==- 45 25 N 12 26E 
310 | —Punta Uomo Morto: Lt-_-----| 38 43 N 13 12 E 340 | Porto di Piave Vecchia: Lt-_---- 45 29N 12 35 E 
320 | —Punta Gavazzi: Lt_---------- 38 42 N 13 10 E 350 | Punta del Tagliamento: Lt----- 45 38 N 13 06 E 
54400 | IsoLE EGaDI (AEGADEAN Is- SOO aden saleone. 2a on a oe en 45 48 N 13 32 E 
LANDS) BUO) Wiese one Leet eee cone 45 39 N 13 46 E 
410 | —Isola di _ Levanzo, Capo SIA) ON GL Re ee eee ers 45 36 N 13 46 E 
Gross0:stit. cease en = 38 01 N 12 200E } 
420 | —Isola Marettimo, Punta Li- 55400 Yugoslavia 
Decclos Lisieee: =. tb seteceos 37 57 N 12 04 E “fs 
430 | —Isola Favignana, Punta Sot- 55410 | Rt Savudrija (Capo Salvore): 
tiie Wess es ees 37 56 N 1216E Duties Bere ate x Pie wiessschicccc 45 29N 13 30 E 
54500 | ISOLA DI PANTELLERIA 420 | Rt Zub: Lt_----- 45 18N | 13 34E 
510 | —Punta Spadillo: Lt___-------- 36 49 N 12 01 E 430 | Poreé (Porenzo) 45 14N 13 36 E 
520 | —Punta Limarsi: Lt------.---- 36 44. N 12 02 E 440 | Rovinj (Rovigno) ---------------- 45 05 N 13 38 E 
54600 | ISOLE PELAGIE 450 | Hrid Sveti Ivan na Puéini: Lt_.| 45 03 N 13 37 E 
610 | —Isola di Lampione: Lt-------- 35 33 N 12 19 E AGO WE Puls 2o- Bao n= owen onan 44 52N 13 50 E 
620 | —Lampedusa, Capo Grecale: 270) |,brid Foren: Wtteee <7 -2----- 4c 44 45 N 13 53 E 
(a a 35 31 N 12 38 E Ag ) rid Galiola:: Lit-<s:2==s=ss222>- 44 44N 14411E 
630 | —Isola di Linosa, Punta Beppe 490 | Rt Mrlera (Pta. Merlera): Lt_-| 44 48 N 14 00 E 
Tuecio: Lt o6 4-icsedsn 25-2 35 52 N 12 53 E 65500 | Rt Crna (Nera Pt.): Lt=------- 44 57 N 14 09 E 
510 | Rijeka 45 20 nN a a a 
Sicil 520 | Susak__- 45 19 
ai J 530 | Bakar : a ; 45 18N 14 32 E 
54710.) Cano Peloros, Lt..-.-=--.------- 38 16 N 15 39 E 540 | Ostrvo SuSak (Isola Sansego): 
720 Cine di Milazzo: Lt--- _---| 88 16 N 15 144E Ltrs! eps omer 44 31 N 14 18 E 
730 | Capo d’Orlando: Lt- .-| 838 10 N 14 45 E 550 | Ostrvo Grujica; Lt__----------- 44 25N 14 34 E 
740 | Capo Zafferano: Lt-- --| 38 0Z.N 13 32 E BOONE VGUaRat: NbtL oc --5esccce aan 44 09 N 14 49 E 
750 tePalermo. 22. =-~------.-~< _.|-388 08 N 13 22 E BRON Badare 2.0.4. 0s ..0 5 ee 44 08 N 15 12E 
760 |*Capo Gallo: Lt_==------- ...-| 38 138.N 13 19E 580 | Ostrvo Sestrice (Port Tajer): Lt-| 43 51 N 15 12E 
770 | Capo San Vito: Lt_----- 23.1 |881N 12 44E 590 | Ostrvo Blitvenica: Lt---------- 43 38 N 15 35 E 
780 Se Trapant=o2---.--.----- 4 .-.-| 38 00 N 12 29 E 55000 tekirid(Mulo: Lt.......---5..008% 43 31 N 15 65 E 
780; Waredia.._.-2 3 =e eee _...| 87 47N 12 2E 610 Split_----- eee ee See Se: 43 30 N 16 26 E 
54800 | Capo Granitola: Lt-_--- .---| 37 34N 12 40 E 620) | Rt Razanj: Lt_..:----4.<.22* =< 43 19 N 16 24E 
810 | Capo Rossello: Lt----- 2/23(.87/18 N 13 27E 630 | Ostrvo Hvar, Rt Pelegrin: Lt_-| 43 12 N 16 22E 
820 | Porto Empedocle-.----- ent) S47 IN 13 32 E 640 | Ostrvo Vis, Rt Stonéica: Lt---- 43 04 N 16 15 E 
830) Licata DRGs 22. 1i-.ce-! se. -||.0706N, 13 57 E 6a0' | OStrvo Ssusac: bass 2==22>2=522= 42 45 N 16 29 E 
S40 Gélay 2. 2. = ae. -. soe 37 04 N 14 15 E 660 | Ostrvo Lastovo, Rt Struga: Lt, | 42 43 N 16 53 E 
850 | Capo Scaramia (Capo Scalam- 670 | Lastovski Otoéiti (Lagostini 
brie Hetee. £3 oe 36 47 N 14 30 E Is)? Lies sb eseesee= 254 Seas 42 46 N 17 09 E 
860 | Isola delle Correnti: Lt 15 06 E 680 | Ostrvo Lirica: Lt-.------------- 42 52 N 17 26E 
870 | Capo Passero: Lt 15 09 E 690 | Ostrvo Sveti Andrija: bt 2.2 42 39 N 17 57E 
8380 | Capo Murro di Porco: Lt------- 37 00 N 15 200E 55700) |RGr wee oi SR 2 82-2228 === 42 40 N 18 05 E 
890 | Siracusa (Syracuse) 37 03 N 15 18 E 710 | Dubrovnik __.--.---------------- 42 38 N 18 07 E 
54900 || Augusta 2-28 OU et 3 15 15 E MOOV IT OSETICIUO WD Sees oan eee = 42 24N 18 32 E 
O10 WR Calatiags ait foo 0) 15 07 E 730) |) Jotone <<< =- 6 eee 42 25 N 18 46 E 
920 | Capo Molini: Lt------ 5 15 11 E 740 | Ostrvo Sveti Nikola: Lt_------- 42 16 N 18 52 E 
OBEN MessINWe Doe Bees - 2 5-25 ---. 5-4 = 2 15 34 EB 750 || Re Volovieas, Withc222.2282.---2 42 05 N 19 04 E 
940 | Punta San Raineri: Lt 2 15 35 E 760: (eiiendre mt), Lit.-.-----===-=-=-- 41 57 N 19 09 E 
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Place 


Albania 
xe i Rodonit (Cape Rodoni): 
t 


Andipaxoi, Akra Ovorot (No- 
vara Pt.): Lt 


oo DoukAéton (Cape Dukato): 
t 


Akra oe (Cape Ghero- 
ghambo): 

Vardhianoi: vt 

Argostélion 


Zékinthos, Akra Skinéri: Lt___- 
Akra Keri: Lt 


Akra Moelangévi Lt 
Korinthos 


Akra Papas (Araxos): Lt 
aia Killini (Cape Glaréntza): 
t 


Strofadhes (Gasapban| bE) ete. 
Pilos (Navarino) 


Akra Tainaron (Cape Mata- 
pan): Lt 
Yithion 


Kithira, Akra Spathi: Lt 

ABU Akra Apolitéres: 
t 

Parapola (Belo Pulo): Lt 

Navpl ion 

Akra Zourva: Lt 


es een I.), Vrakhos 
Tourlos (Cape Turlo): lhe Be 

Psittalia (Lipso I.): Lt 

Piraiévs (Piraeus) 

Fléves (Phleva I.): Lt 

Kéa (Zea), Akra Tamélos: Lt 


perl (SerphoI.), Akra Spathi: 


Folégandros, 
pounda: Lt 
Thira 


Nea oC Armenisti: Lt__ 
Pia (Syros), Akra Trimeson: 


Andros, Akra_ FAssa 
Phassa): Lt 


APPENDIX S 
MARITIME POSITIONS 


MEDITERRANEAN AND BLACK SEAS—Continued 


Index 


Place 


Greece—Continued 


Akra Kafirévs (Cape Doro): Lt- 
Vrakhonisis Kaloyéri: 
Prasofiidha (Prassudo Islet): Lt_ 


Skiros (Skyros), Akra Lithéri: 
Lt 


Skopelos: Lt_- 

Psathotra: Lt 

Akra Posidhion (Kassandra 
Point): Lt 

Thessaloniki 


—Kéastron (Kastro): Lt 
xa Plaka: Lt 


Turkey 


DARDANELLES 


—tIlyasbala 


Burnu (Cape 
Helles): Lt 


= Canakege 

—Gelibolu (Gallipoli): Lt 
Tekirdag 

‘Marmaracreree 

mane Burnu (Stefano Pt.): 


Igneada Burnu (Cape Kuri): Lt_ 


Bulgaria 


SP ae Ivan (Megalo-Nisi 


g 
Nos Emine (Cape ipret Lt_ 
Nos Galata: Lt 
Varna (Stalin) 
Nos Kaliakra: Lt 


Capul Tuzla: Lt 
Constanta 
Insula Serpilor (Fidonisi I.): Lt_ 


USSR 


Mys Bol’ ak Fontan (Cape 
Fontana): 


Tendrovskiy (Tendra Pt.):Lt_. 

Mys Dzharylgach: Lt 

eke iit tice Tark- 
an 


So 

Mys_ Khersonesskiy 
Khersonese): Lt 

Mys Sarych (Sarich Pt.): Lt__ 

ack Aytodor (Cape Aitodor): 


45 21 N 
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MEDITERRANEAN AND BLACK SEAS—Continued 


Place 5 Long. Place 


Index 
No. 


USSR—Continued Turkey 


AZOVSKOYE MORE (SEA OF Antalya (Adalia) 

Azov) Kaleardi Burnu (Cape Kil- 
—Mys Yenikale (Fonar): oarda), Alanya: Lt 
—Osipenko (Osipyenko) Anamur Burnu: Lt 
—Belosarayskaya Kosa (Bye- i 

losarai): Lt 


—Rostov Na Don 

epee uarakaya 
(Akhtar): 

—Mys I en lieon Lt 

Naar Anapskiy (Anapa): 

Novorossiysk 

Mys Kodosh: Lt 

Mys Pitsunda: Lt 

MB tei a (Sukhum 


&8 
<a) 


ce] 


AZZ AAAAZZA AZZZ ZZ 


hr Burnu (Karatas Burnu): 
t 


i) 
Sas 


Hee Sede eee Se 


Iskenderun (Alerandretta) 
Be Burun (Domuz Burnu): 


Klidhes Islet: Lt 
Cape Kormakiti: Lt 
Paphos Point: Lt 
Cape Gata: Lt 
Limassol 

| Cape Greco: Lt_-. 
Famagusta 


conane 
SSEaSSS noe 
NORE RH 
BE wmw0Ue 


wou 
Ooo 
wwa 
ono 


Turkey 


Trabzon: Lt , 7. 
Sinop Burnu (Cape Sinub): Lt_ ‘ Ra’s Ibn Hani: Lt__. ; 

Al Ladhigiyah (Latakia), Syria--- 
Ince (injeh) Burun: Lt Jazirat Ramkin: Lt 
Kerempe Burnu: L Tarabulus (Tripoli), Lebanon---- 
Oliice Burun (Kisi Agsi): Lt____ ‘Bayrat (Beirut), Lebanon 
Sile (Kilia) Burnu: Lt Sayda (Sidon), Lebanon 
Haydarpasa Sir (Tyre), Lebanon 
Fener (Fanar) Burun: Lt S 
Yelken Kaya Burnu: Lt 


Syria and Lebanon 


Fener Adasi: Lt ifa 

Hayirsiz Adasi (Khairsiz Ada): . Har Hakarmel (Mount Car- 
Lt mel): Lt 

Tel Aviv_- 


Aegean Sea 
Bozea Ada (Tenedos I.), Bati Unto Akal: Repubiie (Kern) 
Burnu (Ponente Pt.): Lt Port Said (Bor Sa‘id) 
Baba Burnu: Lt. Damietta Mouth: Lt 
Sigri (Megalonisi): Lt__- Cape Burullus (Brulos): Lt 


Kara Burun: Lt Rosetta: Lt 
Orak Adasi (Oghlak I.): Lt__--- Ras et Tin: Lt 


Izmir (Smyrna), Turkey 38 Alerandria 
Psaré: L Matriih 


Venétiko: Lt 

Samos, Akra Pankosi: Lt_-.----- 

Ikaria, Akra Papas: Lt 

DODECANESE 

—Levitha, Akra Spano: Lt 

—Andileotsa (Kandeliusa I.): 
Lt 


—Akra Prasonisi, Rédhos: Lt__- Bs a Zorug): 


—Réodhos (Rhodes) 
—Strongili (Hypsilil.): Lt 


TH DHWAUBDSSOS 
eofeoteotesicofcoieoicoicoic>| 


Crete (Kriti) 


Agria Gramvotsa (Grabusa): Lt_ 
Elafonisos ¥ 

GAvdhos, Akra Tripiti: Lt 
ane Lithinon (Cape Littinos): aiaieia 


fle de Djerba (Jerba I.), 
parses: Lt 


wo 


Traktlion 

Akra Dhrapanon (Cape Dre- 
pano): Lt ae Se ge ae 

Sotidha lg ee Hammamet: Lt 

Kélibia: Lt 

Cap Bon: Lt 


Cao ORFDO 


Z2ZZAZALZZZ 
SBOIDY Baa 
lesfesfesfcohesmcsieoieoic>| 


aoe 
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MARITIME POSITIONS 
MEDITERRANEAN AND BLACK SEAS—Continued 


Place . Noe Place 


Tunisia—Continued Algeria—Continued 


Cap Matifou: Lt 
Cap Carthage: Lt Alger (Algiers) 

Ile Plane (E] Kamela): Lt 
fles Cani (Cani Rocks): Lt 


Bizerte és (Ténéz): Lt 
Rass Engela (Ras Enghela): Lt- os ae ened) 


Cap Serrat: L Mostaganem 
Arzew 


Www 4 

DD 

Pe L 
0 


BATH IAS 
ZAZZALZALZZZ 
moO 0 SOS SoORENENGES = 


aa 4 daessbbbbee 


0 
Mers el Kébir____ 
Cap Falcon: Lt_ 


fles Habibas: Lt 


fle Rachgoun (Rashgun): Lt__-- 
Nemours 


Re RF COC OCCOFPNNNWW o 


aby oO PR 


Cap de Garde: Lt 

Cap de Fer: Lt 

Philippeville 

lle Srigina: Lt 

Cap Bougaroun (Cap Bouga- 
roni): Lt 


Morocco 


Islas Chafarinas (Zafarin Is.), 
Isla Isabel Segunda: Lt 


Cabo de Tres Forcas: Lt 

Isla de Alboraén: Lt___- 

Cabo Quilates: Lt 

Penion de Velez dela Gomera: Lt_ 

Rio Martin, Ensenada de Ta- 
merabel (Tetuan Bay): Lt___- 

Ceuta ec, EE 

Punta Almina: Lt 

Punta Malabata: Lt 


CO 


ZA2ZZz A2ZLZZAzZ 


for) 


g 
Cap Carbon: Lt 
Cap Sigli: Lt 
Cap Corbelin: Lt 


wo ee OVO orm a Aa~ 70000 
BSSERS8 SASSSEN 
SB SSSR bf bh 


aan RPWwWNNhy 


De ell aed oa eho 
anon SEReSs 


4445 454455 


an 
rx 


AFRICA 


Gambia 


Senegal 


Casamance (Kasamanze River), 
Pointe de Diogué (Jogue 
Point): Lt 

Carabane 


Portuguese Guinea 


Ilhéu de Cafo (Cayo I.): Lt 

Ilha Orangosinho, Cabo Came- 
laeo (Cameleon): Lt 

Ilha Poildo: Lt 


OOODOOOGOOWDAIANRMA 
Oat Pee WWW wW Pp 
DBWSOAADURCONSDe 
45 S545Sse25=5 


Spanish Sahara (Rio de Oro) 


Cabo Juby: Aviation Lt 
Punta Durnford: Lt 


a0 00 00 
2 09 oo 
SS 
AZZ 


Manuritania 


Cap Blane: Lt 


Port-Etienne Grand Bassa Point: Lt____ 


Sinoe (Sinu) Bay: Lt___- 
Cape Palmas: Lt 


Hi C1? > 
Noo pS 
NOnNnwoom 
ZAZZZZ 


Ivory Coast 


Pointe Tafou: Lt 
Sassandra: Lt 
Grand-Lahou 


oO; 
San 
ZZZ 
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Index 
No. Place Lat. Long. eee Place Lat. Long. 
Ivory Coast—Continued tix a. 63300 Gabon and Congo 
‘> ae 2 or 
C2340) Ge bidianetets 2 ea 5 19N 4 00 W || 63310 | Libreville, Gabon_-____________- 0 2N 9 26E 
350 | Grand-Bassam: Lt____.._-______ 5 12N 3 43 W 320 | Pointe Gombé: Lt 018N 918 E 
330 | Port-Gentil, Gabon 0438S 8 48 E 
wey ep eee 840 | Cap Lopez: ji omic +b 0388 | 842k 
OAnZOMOONCOS. -- eo. <2 one 4385S 11 49 E 
{iN | 215W || 360] Baie de Pointe Noire (Black 
4 45 N 2 06 W Point Bay), Congo----------- 46S 11 50E 
4 48 1 57 W . 
453N 145 W 63400 Cabinda 
2 be Nuliay 1 42.~ 4) ggaio jLandana; Tt..._........5.1 13 5148 | 1209E 
5 06N 114W 420 | Cabinda (Kabinda) __._---------- 5 32S 1214E 
4 - al , 12 W || 63500 Republic of the Congo 
5 50N | 058E || 63510 | Moanda: Lt___...........-.---- 5578 | 1220E 
62500 Togo and Dahomey D2 NMS OM GS ade ek cr ee eel ae 5 51S 13 03 E 
62510 pw omeése Hoge. 2: 22-2 255------- 6 07 N 113E 63600 Angola 
520 | Cotonou (Kotonu), Dahomey__.--| 6 21N 225E 
63610 | Ponta do Padrao (Padron Pt.), 
62600 Nigeria CongotRivery Lt_<..--.—-- =... 6058S 12 20 E 
620 | Ponta de Moita Seca (Mouta 
62610" |) Beecroft: Point? Lt2-2_---- 2222 6 24N 323E Seea)+> iiteteecues8eecewseeeczs 6078S 1216E 
620 (iS ee eee os eee eee 6 24N 3 24E 630 | Ambrizete (Foreland Bluff): 
630 | Forcados 5 22N 5 26E ee ee ee 7168S 12 52E 
640 | Palm Point, Cape Formosa: Lt_| 4 16N 6 05E oa panes 7 50S 13 06 E 
6 agostas: 8 45S 13 18E 
iad aa aes 660 | Luanda (Loanda)—_-—-----------] $498 | 13 WE 
62710 | D 67 onta das Palmeirinhas, Cabo 
d Sy ak ie i damnit en 900E Lombo: Lt_...-..-.- soeeeeeee- 90458 | 18 00E 
720 | Cape Nachtigal: Lt__.--..---_.- 357N | 9135 — Aes Amboim...--------- 1044S | 13455 
730 | Dowala (Duala), French OO OPO ARE Lhasa 12208 | 13 34E 
Cameroons 403N 9 41 & || 68700 | Benguela__---.---.------ 1235S | 13 4E 
i cig oe pes betes ; 710 | Ponta das Salinas: Lt 12 50S 12 56E 
Spanish Guinea (Rio Muni 720 | Giratil (Ponta do Giratil): Lt___| 15 08S 12 07 E 
62800 and Fernando P6o) 730 | Mocdmedes (Mossdmedes) ______- 15128 12 09E 
740 | Ponta Albina (Albino Pt.): Lt..| 15 53S 11 43 E 
G20 Batd 2a oe 28 ee ren = 151 N 945E 750 | Baia dos Tigres (Great Fish 
820 | Cabo San Juan: Lt_------------ 110N 9 21 E Bay) Lier ee nk oe 16 31S 1144E 
62900 | FERNANDO POO 
910 | —Punta Europa (Los Frailes): 63800 South-West Africa 
1 el nals eae pa Se ae 3 46N 8 47E 
920 | —Santa Isabel- 3 45 N 8 46E || 63810 | Swakopmund: Lt___-__-_-_-_-- 22 41S 14 31E 
930 | —Islote Horacio: Lt------------ 3 46 N 8 820 | Walvisbaai (Walvis Bay) -------- 22 578 14 30E 
63000 Sao Tomé e Principe 830 | Pelican Point; Lt.2t-2us2t_._!- 22 548 14 25E 
B40 ehitideritze 20. ain _.| 26 39S 15 09 E 
63100 | InHA DO PRINCIPE (PRINCE’S B50 imDiazgPeints It... = 26 38S 15 06E 
ISLAND) } f 
110 | —Ponta da Garca: Lt 138N 7 27 E || 63900 Republic of South Africa 
120 | —Santo Antonio___..--.--- 1 38 N 7 26E 
130 | —Ilhéu Bombom: Lt----------- 142N 724E 68910'\) Wort Nolloth.< .< <t 24-22). saa 29158 16 52 E 
63200 | InuA DE SAO Tomé (SAO 920 | Cape Columbine: Lt_-___..---- 32 50S 17 51 E 
THoome) (St. THOMAS Is- 930 | Dasseneiland (Dassen I.): Lt.-_| 33 26S 18 05 E 
LAND) 940 | Robbeneiland (Robben I.): Lt_| 33 49S 18 23 E 
210 | —Ilhéu das Cabras: Lt__---_--- 0 24N 6 43 E 950 | Cape Town (Capetown) --_-_---- 33 545 18 26 E 
220) Ni S00N OMe: 5-5 - ao we SA 021N 6 44 E 960 i ie Bay, Sh Fone: Mie 33 548 18 24 E 
230 | —Ilhéu Gago Coutinho (Ilhéu 970 | Slangkoppunt (Slang Kop 
devhtins)- £4, ants aad 5 Ge ee BOW it 3409S | 18 19E 
980 | Cape of Good Hope: Lt__---.--.| 34 2158 18 29 E 
EAST COAST OF AFRICA 
64000 Republic of South Africa ; Republic of South Africa—Cont. | - 
° , ° , / 
64010 | Simonstown _..__--------------- 34115 18 26 E || 64160 | Cape Hermes: Lt__--.---------- 31 288 9 33 EB 
020 || "Roman Rock? Lt... va" 2. 3411S 18 27 E 170) || (Pop St. Jonna... -- See 31 38S 29 33 E 
030 | Danger Point: Lti._:--022220... 34 378 19 18 E 180 | Port Shepstone: Lt__----------- 30 45S 30 28 EB 
040 | Cape Agulhas: Lt....--...----- 34 508 20 01 E 190 |“Green) Point; Lt-.__.-.-----2+- 30 158 30 47 E 
O50) mOapersu,alaize™ We... - 22-2 =- 34118 22 09 E 64200 | Cape Natal (Natal Bluff): Lt_..| 29 528 31 04 E 
060 | Mosselbaai (Mossel Bay) - ------- 34118 22 09 E 210 | Durban (Port Natal) -----.------ 29 628 31 04 E 
070 | Cape St. Francis: Lt_-------.--- 34128 24 50 E 220 | Durnford Point: Lt_..._-.------] 28 558 31 55 E 
080") Cape Recife: Lt. 34 02S 25 42 E 230) Cape ‘Sts Lancia: dat .-.:.=..2%-- 28 318 32 24 E 
O90Merrort molizabeths 22.) < 2 - 33 58S 25 37 E 5 
GA100) Rind. TS. ep wee ss oe 33 50S 26 17 E 64300 Mozambique 
110" Greatanisn Point: Ets = 25-2 33 318 27 06 E 
120 I Hood Pomts hte es Sl" = F622" 33 028 27 54 E 64310 | Ponta do Ouro: Lt___...--------| 26 508 32 54 E 
130 | Castle Point: Lt 33 02S 27 55 E 820 |} Cabo da Inhaca: Lt_..---.-.-_- 25 588 33 00 E 
140) peast. London .)..-..--.----.------ 33 02S 27 55 E 330 | Lourenco Marques-------------- 25 58S 32 35 E 
150 | Bashee Entrance: Lt----------- 33 14S 28 55 E 340) | Monte Belo: Lit. 2.222 --2=- --- 25 118 33 30 E 


i ne 
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EAST COAST OF AFRICA—Continued 


Index 


Place 3 Long. Place 


Mozambique—Continued Zanzibar—Continued 


° 
~ 


wo 
corer 
we 
ow 


360 
370 
380 


Ras Nungwe: Lt 
Ras Kegomacha, Pemba: Lt____ 


One 
wo WwWww 
oa eRe Orr 
No amy & 
i) POON 


CO mS 


Rio Sangage Entrance: Lt 

Ponta Namalungo: Lt 

Ilha de Géa (St. George I.): Lt__ 

Mocambique 

Baia de Memba, Ponta Cogune 
(Cape Loguno): Lt 

Ponta Maunhane: Lt 


te et 
AAT AD 
Sowan 
Vowooe 
Pop PR Rp 02 09 09 0 
S38 S835S5SS88E 
ONP PRNOOWH OW 


>~ 
S 
oo 
BEERS SESS Sees 


COSCDH BANMONSOHAS 


_ 
Co 
is) 


Fanjove I.: Lt 

Ras Mkumbi (Moresby Pt.), 
Mafia I.: Lt 

et eh Gulf of Aden 


Suqutra (Socotra) 

Berbera, Somali Republic 
Zanzibar Djibouti, French Somaliland 
Iles Moucha: Lt 


Pungume I.: Lt Obock, French Somaliland 
Chumbe: Lt Ras Bir: Lt 


Sanganeb: Lt 19 48 N 37 26E 
Juddah (Jidda), Saudi Arabia___| 21 29N 39 11 E 
010 | Assab, Ethiopia 3 0 Daydalas (Daedalus Reef): Lt__| 24 55 N 35 52 E 
020 | Al Mukha (Mocha), Yemen 315 Al Ikhwan (El-Akhawein) (The 
030 | Abu Ail Is., Quoin I.; Lt b Brothers): Lt 26 19N 34 51 E 
040 | Punta Shab Shakhs: Lt 39 D i Jazirat Shakir (Shadwan [.): 
050 | Jaza’ir az Zubayr (Zubair Is.), Lt 2727 N | 3402E 
Centre Peak { I 27 41N 33 48 E 
060 | Jabal at Ta’ir: Lt ‘ E 27 47N 33 42 E 
070 | Isola Scitumma: Lt ‘ 28 13 N 33 37 E 
080 | Massaua, Ethiopia f 28 21 N 33 06 E 
090 | Isola Sceie el Abu (Sheikh al 29 06 N 32 39 E 
Audi teens a ¢ 29 23 N 32 34 E 
66100 | Isola Difnein: Lt : 3¢ -| 29 53 N 32.33 E 
110 | Masamirit: Lt ¢ R 
120 | Sawakin, Sudan yy am 29 58 N 32 33 E 
130 | Port Sudan, Sudan 19 36 N Ismailia, (Al  Isma‘iliyah), 
U.A.R. (Egypt) | 3035 N | 3217E 


ISLANDS OF THE INDIAN OCEAN 


° / 
ILE DE LA REUNION 67400 | Amirante Isles, Eagle I 53 19 E 
67500 | CHAGOS ARCHIPELAGO 


510 71 24 E 


520 7213 E 
530 | — Diego Garcia 72 28 E 
67600 | Maldive Is., 73 30 E 
67700 | Cocos (KEELING) ISLANDS 
710 | —Home I 96 54 E 
720 96 53 KE 
67800 Christmas I., Flying Fish Cove__- 105 43 E 
810 | Ile Amsterdam 77 32 E 
820 | Ile Saint Paul_ 77 31 E 


830 | Iles de Kergulen 69 30 E | 
840 | Heard I 73 34 E 


—Pointe des Galets: Lt 
—Saint- Dennis 
MAURITIUS 

—Caves Point: Lt 
—Port Louis 

—Hlat Tes Wt 
—Mahébourg 

Rodriguez I., Port Mathurin___- 
SEYCHELLES GROUP 

—Victoria, Mahé I 

—Mamelle Islet: Lt 

—Dennis I.: Lt 


See Sees Sees 


ISLANDS 


fies Crozer 
—Ie de l’Est 


ARCHIPEL DES COMORES 
—Moroni, Grande Comore 
—Fumboni, Mokéli 
—Mutsamudu, Anjouan 


—Mayotte, flot Dzaoudzi: Lt__ 


Madagascar 
ee. d’Ambre (Cape Andre): 


Bale DE DiIf£GO-SUAREZ 


—Ilot des Aigrettes (Nosy Lan- 
goro): Lt 

— Diégo-Suarez (Antsirana) 

Miné (Cap Andran Omody): Lt_ 

Nosy Akao: Lt 

Cap Est: Lt 


Aden, Colony of Aden 
Elephants Back: Lt 

Ras Marshaq: Lt 

Al Mukalla, Aden 

Kuria Muria Is 

Al Masirah: Lt 

Al Hadd, Muscat and Oman_-.-- 


Masgat, Muscat and Oman 
Persian Gulf 


Little Quoin: Lt 
ae Sharigah (Sharjah), Trucial 


Ad Dawhah, Qatar 
AL BAHRAYN (BAHREIN Is- 


LAND) 

—Jazirat Sitrah 

—Bahrein Harbor 

Ad Dammam, Al Minfagah ash 
Sharqgi (te (Hasa) 

Ra’s at Tannirah, Al Mintaqah 
ash Shargqiyah 

Jazireh-ye Farsi (Jezirat Tarsi): 


Al Kuwayt (Kuwait), Kuwait__- 

Al Basrah, Iraq 

Khorramshahr, Iran 

Abadain, Iran 

Bandar-e Shahptr, Iran 

Bishehr, Tran 

Jazireh-ye Qeys (Jezirat Qais) 
(Kais I.): Lt 

Jazireh-ye Tanb-e Bozorg: Lt___ 

Bandar ‘ Abbas, Iran 

Ra’s-e Jaésk: Lt 

Gwdadar, Muscat and Oman 


Pakistan 


Ras Muari (Cape Monze): Lt_- 
Manora Point: L 


Karachi 


Pirotan I.: Lt-___ 
Okha (Beyt Harbor) 


APPENDIX S 


MARITIME POSITIONS 


OF THE INDIAN OCEAN—Continued 


Long. 


52 10 E 


50 10 E 
37 57 E 


43 15 E 
43 45 E 
44 24E 


45 16 E 


Index 
No. 


Place 


Madagascar—Continued 


ILE SAINTE MARIE 


t 
Pointe Tanio: Lt__ 
Tamatave 
Pointe Hastie: Lt 
Mahanoro 
Mananjary 
Pointe d’Itaperina: Lt_- 
Fort Dauphin 


Nosi Faly: Lt 
Nosi Anambo (Woody I.): Lt_- 


MeN WOWWAhP RNC 
ADORPOMWDMANWNHH 
ANNANRRANMRRANRNRN 


SOUTH COAST OF ASIA 


SSSSSRR 
ZZ22Z2Z 22ZZZLZ2ZZ 


— a) 
NDOQre 


S&S 
ZZzZ 


BESrs 
ZZ2Z22 


~ 
ao 
“10200 > 


~ 
a) 
leoMcoheofeoicotcolcofc>| 


SES 
i) Re OR ae 
“Ion 


S253 SRS 
SEES Sees 


ede 


India—Continued 


NNow 


Rajapur: abit 
Vijayadurg 


_ 
i) 


Vengurla Rocks (Burnt Is.): Lt- 


Aguada: Lt 
Mormugdo, Goa 


et ee et et tt tt 
NCOWWPLAAAARA| 
SEQRBSSRZORESRASSSSRBSISSRSSSRSISSS 


Bhatkal: Lt 

Kap (Kahp): Lt-_- 
Mangalore 
Cannanore.-- 


Alleppey 

Tangasseri Point: Lt 
Quilon 

Trivandrum 

Muttum Point: Lt-- 

Cape Comorin 

Laccadive Is., Kiltén I.: Lt 


ZAZLZLZLZLZLALZLZLZALZLZLZLZLZLZLZLZLZLZALAZAZAAALZLALZAALZLZLZZZZ 


Ceylon 


Ll 
Dondra Head: Lt-_-- 
Hambantota 


RASBIs 


Nob 
Z2ZZ2ZLZZ 


1089 


ab os bb I 
woe 00 68 


x 


Toe eS 
SSYSSRESASSRSNRSERSSSESNBNBSCREHSSSERSS 


WN RAW Pee eH ROO 
lofesteoteofctcoicoicoicoic icici coiice| 


ooo tololoioioto iol oioiotolotoi tote teiotcicoioioice ioc icc} 


eofcshcolofco}-) 
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SOUTH COAST OF ASIA—Continued 


Place i No. Place 


Ceylon— Continued Burma—Continued 


° 
~ 
° 


NIDAD 
onNeE 


Sangamankanda Point: Lt 
Batticaloa 


ony 
ZSSERSRER5 
ZAZZAZZLAZLZZLZZZ 


Mibya Kyun 


ooo 
oe 
QaAorPOoOrnNRO ~ 
eotcofeotcofeoicsfeoicoicoic ic} 
— 
DOPOD AH HD 
SESSRSSS ~ 
ZLZLZLALALZAZZ 
SERLLLSE © 
SESRSARs ~ 
eofcotcofeofcoicoicoic| 


o 
rc 
o 


o 
& 
S2tenSaonony 


Thailand 


Ko Phi (Goh Pee), Pakchan 
River: Lt 


o 
= 
Oo 


Manappadu Point: Lt. 
Pandyan Tivu (HareI.): Lt___- 
Tuticorin 


QO COININIOO 
ERSSEAS 
Z A2LZLZALZzZZ 


gng 
Khlong Krabi Yai 
Ka Chom Fai Ko Liang (Goh 
Beng): Lt 


a 
f—} 
ao 


Tranquebar. 
Cuddalore___ 
Pondichéry 
Mahdbalipur: Lt 
Madras 


Malaya 


Sungei Kedah Entrance: Lt____ 
PENANG ISLAND 


os) 


Masulipatam 

Sacramento: Lt_- 

Cocanada 

Vakalaptdi: Lt 

Visakhapatnam (Vizagapatam) _- 
Bimlipatam 


POMDWONOWURLOMNEPHE Re 
_ 
ae 


ZZ A2ZALZLALALAALYS™|Y™|Y™|YS™YALAY™Y™|YAYS™Y™YAAAAAAALALZZ 


Tanjong Hantu: Lt 

Pangkor 

Pulau Katak: Lt 

White Rock, Sembilan Is.: Lt___ 

Bagan Datoh 

Sungei Selangor: Lt 

Batu Penyu (Glamorganshire 
Rock): Lt 

Pulau Angsa: Lt___- 

Port Swettenham_. 
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ANDAMAN ISLANDS 
—Table I.: Lt 
—Port Blair 


SR SSXSARRLSRASSSVSSSSSSSS 


B8 


One Fathom Bank: 

Port Dickson 

Cape Rachado: Lt___- 

Malacca 

St. Pauls Hill: Lt 

E Pulau Undan: Lt__- 

Chittagong Pulau Pisang: Lt___ 

Kutubdia I.: Lt Sultan Shoal: Lt 

Cox’s Bazar Raffles, Pulau Satumu (Coney 
Islet): Lt 

Pulau Sakijang Pelepah (E. 
St. John’s I.): Lt 

Keppel Harbor 

Fort Canning: Lt 

Singapore 

Serangoon 


ae 
Se 
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Petra Branca (Pedra Branca) 
(Horsburgh): Lt 104 24 E 


— 
INDONESIA 


AARWO 
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leofcohcolcofeoicoicoic>| 

S 8 8525a 


PULAU-PULAU NatuNA (Na- Karang Galang (Pan Reef), 
TUNA ISLANDS) Selat Riouw: Lt 1 104 11 E 
Tandjung Berakit, Pulau Bin- 
tan: Lt 104 34 E 
104 31 E 
104 22 E 
104 47 E 


hw 
— i=) 
moO 
ZZ 


(ANAMBAS ISLANDS) 
—Pulau Mangkai: Lt 
—Terampa 


ong Ketjil: Lt 
Batu Berhanti: Lt____ 
Pulau Sambu 


105 00 E 
104 24 E 
104 02 E 


et et CO 
-=RFooro 
CH DOWN 
ZZZZZZ 


Place 


SELAT DURIAN (DURIAN STRAIT) 
—South Brother: Lt 
—North Brother: Lt_....---.-.- 
—Melvill ReefieLtz=-<223__ suse 


Sumatra 


UBengkittts eee Fe oe 
Pulau Djemur: Lt___- 


Point (Diamant 

Fupt) (Jambu Ayer): Lt____-- 

Pulau Buru: Lt 

PuLtau WE 

—Lewvuele:1t< .- 4% - 2 en 

Pn eer es 

Pulau Breueh (Bras) (WiJlem- 
storen): 

Pulau ae Lt 

Meulaboh 


lue: Lt 


Singkil 


Pulau Temang: Lt 
Pulau Pangkal: Lt 
Pinaw Sigatas Lt_...----- 
Pulau. Bodjo: Lt_....-.----2.*- 
Pulau Karsik: Lt--___ 
TELE, es ap, eS et 
Udjung Batumandi 
Sungei Bramei): Lt 
Pula Nejamuk: Lt__._.._----. 
Pulau Katangkatang: Lt_______ 
ON GRUIWe. 4-<.---=-----22 
Pulau Tikus: Lt 
Manna: Lt 
Tandjung Selasih (Tandjung 
Bandar): Lt 
Pulau Pisang: Lt 
Sree (IG 0) osc e ss ee Se re.t te 
Tjukuh os head Cape) 
(Vlakke Hoek): L’ 
MP OVROCTUNG 2-7 = = et ae 
Pulau Sebuku, Tjukuh Ban- 
UN are ee eee nica-= 
Sun e Gerong 
Pladj 
Patemiane fe SRG Se te gaan ty 
BANGKA 


Pelepasan 
Nangka): Lt 
—Pulau Besar: Lt____--.-- 
= Pulau-Dapur: Lt_2__.-...---- 
—Tandjung Berikat: Lt 
SELAT-SELAT GASPAR (GASPAR 
STRAIT) 
—Pulau Lepar: Lt_--.......---- 
—Pulau Tjelaka: Lt__...___.__- 
—Shoalwater Is. (Shallow Wate 
ICOM My ee ee ie 
BILLITON (BELITUNG) 
—Pulau Langkuas: Lt_________- 
=Pulaw Kanis: Lt_..2_.---.2--. 
Discovery East Bank: Lt 
ne is Menjawak (Boompjes I.): 


Lat. 
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INDONESIA—Continued 


Long. 


° , 


103 46 E 
103 46 E 
103 37 E 


103 21 E 


Se ee Sees 


97 36 


a ee 
8 SSRSESRS 
ESakoN SREGRRSS 
BEES SSS SSS SS See SSeS SSeS ese Ss Se eee 


> — or OO 


8 
8 


107 37 E 
108 12 E 
109 10 E 


108 23 E 
106 54 E 
106 44 E 


106 28 E 


Index 
No. 


Place 


Sumatra—Continued 


SUNDA Strait (SELAT SUNDA) 
Rl ita Lajar (First Pt.): 


ee Pulaih Tampurung (Topper- 
shoedje) iii ae eee 
Pulau Tunda (Toenda Eilan- 
den): L 
Bula Rajang te 
Pulau Tepmiak -besar (Edam): Lt_ 


Java 


Djakarta (Batavia) .......------- 
Tandjungpriok: Lt 
Tijirebon (Cheribon) ..-...---- 

Pekalongans - ososs sae 
Semarang 


Sangkapura, Pulau Bawean: Lt- 
SUNGUAILS. Sete ee heat od 
Mapura (MADOERA) 
—Sembilangan: Lt___.__-_____- 
—Pandjiung: Lisle. Seis ae 
—Pulau Sapudi: Lt___________- 
Zwaantjes Reef: Lt_....------__ 
PrOvGUNGGO . 8s escese soe see 
(PONGURGN 2 Paws to 
Pulau Karangmas (Pulau Mei- 
derts Reef): Lt 
Pulau Tabuan (Duiven I.): Lt-- 
Tandjung Bansering: Lt________ 
(BONIMMONN 3220 eh se 
Tandjung Bantenan: Lt_-_______ 
Milatiap 2) i eae 


Lesser Sunda Islands 


BALI 

—Tandjung Pasir: Lt_____.___- 
—Tandjung Pengambengan: Lt. 
= BULELENg see 
Nusa Lembongan, Selat Ba- 


SAM PCNA Jo cc cc eae once. oe 
SY) | 
Sakuntji le Reigersbergen 
Bank): 
Bima, Bie tre OEE ee rotmeee 
PulauKelapat Ltr sssss soe 
FLORES 
are tion Badio (Ba{0) ..2--- = 5-2 


Seba, Pulau Saww...------- 
Baa Roadstead, Pulau Roti_- 
Pulau, Semaus” Lt 22-2 soe 


Moluccas 


PulausbiraneLti 2... <..--4.)-2 
Meatij Miarang, Pulau-pulau 
Sermata: Lt 
Pepa, Pulau Babar......--.----- 
PULAU-PULAU TANIMBAR 
—Saumlakki 
—Ritabel____- 
aes Pulau-pulau Aru (Aroe 


con Pee Naira, Pulau-pulau 
(ole Ce 2S 2 a 


NAIARAAAARAA 
NRHOAT 


Sa8R82 Lekszees 
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Seer ess 
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8035S 


8 208 
7 628 


7598 
7098S 


5 458 
5 39S 
4 3258 
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105 13 E 
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114 26E 
114 35 E 
115 06 E 
115 27 E 


116 04 E 
116 34 E 


117 13 E 


118 43 E 
119 14 E 


131 18 E 
131 43 E 


134 13 E 
132 59 E 
129 54 E 
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75500 
75510 


520 
530 
540 
550 
560 
570 
580 


610 
620 
630 
640 
650 
660 
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MARITIME POSITIONS 


INDONESIA—C ontinued 


Place 


Moluccas—Continued 


Pulau Saparua: Lt.----.-_-- 
Amboina (Ambon I.): Lt_-. 
Pulau Suanggi: Lt_--...-..- Lt 
Leksula, Buru (Boeroe I.)-.-_--- 
Pulau Sanana, Pulau-pulaw 


Laiwui, Obi 


= GIQ0UIG. 28. nace wen once 
Lirung, Pulau-pulau Talaud_-_- 
Tahuna, Pulau-pulau Sangihe_-_- 


Celebes 


a ancjung Arus, Pulau Talise: 
pits oes eee x 
Pulau Pondang: Lt-_--___- 
Gorontalo # ----_ 2 =~ 
MominiiRoade-- > --.--.--__. 
Selat Walea: Lt___.._._____- 
Pulau Banggai: Lt__._.____- 
Pulau Wangiwangi: Lt 
Tandians Djenemedja, Teluk 
one: 


L 
Taka Rewataje (De Bril): Lt___ 
Pulau Dewakang-lompo: Lt-_-_-__ 
Pulau Dajangdajangan: Lt_____ 
Makasar (Makassar) ___-___----- 
Pulau Kapoposang: Lt______-_- 
Tandjung Rangasa (Huk 

Mandar)eiutaea oe 


Bandy, Cape Litescs aes 
Double I. Point: Lt 


HingalbleadUtsocs. +. eee oe 
Caper Byron wuts. nese sae ae 
Richmond River, North Head: 


Clarence River, South Head: Lt_ 
South Solitary I; Lt __--2- 
Coffs Harbours o-- = eee cee, 
Smoky Cape: Lt 
Port Macquarie__...-_-.-________ 
Mackingseoints: b--e ee 
Crowdy Head: bisa ae 
Sugarloaf Point: Lt 
Portstephensease ee 
Nobbys Head: Lt 
Newcastle 


Lat. 
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AIA D 


5 08S 
44258 


3 348 
2 388 
0 385 
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Long. Tnaey 
° , 
75690 
130 54 E 
128 55 E 75700 
128 11 E 
128 39 E 710 
128 06 E 720 
127 283 E 
126 31 E 75800 
125 59 E 75810 
127 28 E 820 
127 38 E 830 
840 
127 53 E 850 
128 18 E 860 
127 55 E 870 
127 51 E 880 
128 12E 890 
126 42 E 75900 
125 29 E 910 
920 
930 
940 
950 
960 
125 05 E 970 
124 29 E 980 
123 03 E 990 
120 33 E 76000 
122 25 E 010 
123 29 E 020 
123 32 E 030 
040 
120 26 E 050 
120 30 E 
060 
119 12E 070 
118 54 E 080 
118 26 E 090 
119 11 E 76100 
119 24 E 110 
118 57 E 
120 
118 56 E 130 
140 
118 49 E 
150 
119 44 E 160 
AUSTRALIA 
° , 
153 13 E 7250 
153 13 E 260 
153 08 E 270 
153 02 E 280 
153 28 E 290 
153 33 E 77300 
153 35 E 310 
153 39 E 320 
330 
153 37 E 340 
153 23 E 350 
153 16 E 360 
153 08 E 370 
153 05 E 380 
152 55 E 390 
152 57 E 77400 
152 45 E 77500 
152 33 E 510 
152 12 E 520 
151 48 E 530 
151 46 E 77600 
151 35 E 610 
151 20 E 
151 12 EB 620 
630 
151 18 E 640 
650 
161 17E 660 


Place 


Celebes—Continued 


Borneo 


Tandjung Mangkalihat: Lt_-__- 
Muaras (Moearas) Reef: Lt-_---- 
Tarakan (Linkas), Indonesia__-_- 
Tawau, North Borneo_-_--------- 
Bata Tinagats Lt. ~ 
Tanjong Labian: Lt__-_--_----- 
Tanjong! Trang-s tes) essen saee 
Sandakan, North Borneo____----- 
Kudat, North Borneo___--------- 
Pulau Kalampunian: Lt_--__--- 
Mantanani Is.: Lt-___.--------- 
Jesselton, North Borneo-_--------- 
Pulau: Papan eshte 
Victoria, Labuan, North Borneo-_- 
Pulau Karaman: Lt- 
Brunei, Brunei___._- 
Tanjong Baramy Gt--=-—_ __-2" 
Lutong, Sarawak___...---------- 
‘Miri, Sarawak... 2.2. =.= =-= 
Tanjong Lobang: Lt---..-_-___- 
Tanjongisiriks t2s---------- -—— 
Kuching, Sarawak 2 ~~ 22-2 is 
Tanjong Po: Lt_--__ 
Tanjong Datu: Lt 


Pulau Karimata____ 
‘Pulau’ Serutuss lite 2 
Tandjung Selatan: Lt_________- 
Pulaw Kunjit} it. = = 


Little Paternoster Is., 
Balabalangan: Lt__.__________ 
Aru Bank: "Lp eeee ee ee 


Point Perpendicular: Lt________ 
Warden Head: Lt 


Wilson Promontory, SE Point; Lt_ 
Citadel LiL ieee aes 
Cape Liptrap tit. -- nae 
Westernport, Grant Point: Lt__ 
Cape 'Schanck: tues =) ee 
Port PHILLIP 

=—Melbourneie ee ee 
—Williamstowns.- 2-23.) 8 
= Geelong a cAe n= nena ae eee 


Cape Otway: Lt__- 
Warrnambool ____-_- 
Griffith’l. Lt: - 
Porland=eee. ae 
Cape Nelson: Lt 


Lat. 
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AUSTRALIA—Continued 


is 
> 


° 
~ 


Cape Northumberland: Lt 
Cape Banks: Lt 

Penguin Islet (Rivoli Bay): Lt_ 
Cape Jaffa (Bernoulli): Lt 
Victor Harbour 

Cape Jervis: Lt 
KANGAROO ISLAND 
—Cape St. Alban: Lt 
—Cape Willoughby: Lt 
—Cape Couedie: Lt 
—Cape Borda: Lt 
—Marsden Point: Lt 


Port Adelaide 

Wakefield 

Troubridge Shoal: Lt 
Althorpe I.: Lt 

Wedge I.: Lt 

Corny Point: L 

Wauraltee (Wardang) I.: Lt_ 


Airlie I.: Lt 

North Sandy I.: Lt 
Legendre I.: Lt 
Port Walcott 


wow 
AOnNn 
wow o 
nO 
Sew 
ee 
= 
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o Te 


Cape Leveque: Lt 
Adele I.: Lt 


Pe pet et et 
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eohedefefesfesfesfcletetes feel heo ici mam helo ice] 


RANNRNARNNRNRNARNNRNRNIN AnNNnANHN 


East Vernon I.: Lt 
Cape Hotham: Lt 
Cape Don: Lt_ 


— ) 


8 
Sr SUS RO ND SS ror Co Gs Co ee a Go Ge SSeS ca 


OO 

oO 
Ph tt et et et et et et 
09 G2 69 Go 62 Go Go GO GO BO GO 
RADWINAR WHS 
Foanuke eS 


d 580 | Albany Rock: Lt 
Cape Donington: Lt 590 | Hannibal Is.: Lt 
Dangerous Reef: Lt 78600 | Clerke I.: Lt 
Neptune Isles, S. Neptune I.: 610 | Piper Is.: 

Lt 620 | Chapman Reef: Lt 
630 | Heath Reef: Lt 
640 | Hannah I.: Lt 
650 | Wharton Reef: Lt 
Streaky Bay Pipon I.: Lt 
Thevenard Coquet I.: Lt 


wow 
oe ee 
~ 


= 
(es) 
a 
tt tt 
Nisedisrdiard 
NNwhy 


SSSNASSSSSSISSRLSS SHS FH VESNSSSHESHTABSSSASHSARSSLSSMESSALAS » 
SESE SSS eS ee ee ee eee eee 


Cape Leeuwin: Lt Fitzroy I.: Lt 

Hamelin I.: Lt North Barnard Is.: Lt 

Cape Naturaliste: Lt Brook Is.: 

Busselton White Rock, Palm Isles: Lt-_-_-- 
Townsville 

PSL hy fee ee Cape Cleveland: Lt 

Woodman Point: Lt Cape Bowling Green: Lt 


Eshelby I.: Lt_-- 
Bathurst Point, Rottnest I.: Lt_ 820 | Dent I.: Lt 

Escape I.: Lt 830 | Mackay 

Moore Point: Lt 840 | Flat-top I.: Lt 
Geraldton 850 | Pine Islet, Percy Isles: Lt 
Cape Inscription: Lt 860 | High Peak I.: Lt 
Babbage I.: Lt 870 | North Reef: Lt_--- 
Carnarvon 880 | Rockhampton 

Quobba Point, Beagle Hill: Lt- 890 | Cape Capricorn: Lt-- 
Frazer Islet: Lt 22 78900 | Gatcombe Head: Lt-- 
Vilaming Head: Lt 910 | Gladstone 

Anchor I.: Lt 920 | Bustard Head: Lt 
(OEE Te a ae tea 930 | Lady Elliot Islet: Lt 


° 
~ 


—Currie Harbor: Lt 
—Stokes Point: Lt 
West Point: Lt 
Sandy Cape: Lt 
Macquarie Harbor---- 
Cape Sorrell: Lt 

pe: Lt Maatsuyker Isles: Lt 
Hyfield (Highfield) Point: Lt_- Cape Bruny: Lt- 
Caporecheu, Three Hummock 


Low Head, Tamar River: Lt-_-- 
Devonport 


ee pe pe pe oe ee oP CO 
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ASH Onew 
NWOCoOoWwWROCOS 
RNAMnRnMRRN 
PP 
Nroo 
eyas 
rFPonaMme 


aEenaesd 
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Kine IsLaAND Cape Forestier: Lt 
—Cape Wickham: Lt Eddystone Point: Lt 


ie Ea emipaien 
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NEW ZEALAND 


Place z Nal Place 


South Island 80500 North Island 


Cape Campbell: Lt oe 
Point Kean: Lt 42 


L 
Wellington (Port Nicholson) 
Godley (Cachalot) Head: Lt___| 43 é 


Pencarrow Head: L 

Baring Head: Lt_-_ 

Cape Palliser: Lt 

Castle Point (Rangiwha Ra- 
oma): Lt 

Cape Kidnappers: Lt_ 

Napier Harbor 

Portland I. (Te Houra): Lt 

Gisborne 


173 
173 
172 
172 
173 
172 
171 
171 
170 
170 
170 
170 


East Cape (Otiki): Lt 
t Matakaoa Point: Lt____ 
Cape Saunders: Lt 
Nugget Point: Lt 
Waipapa Point: Lt 
Dog I.: L 
STEWART ISLAND 
—Akers Point: Lt 
—FPort Pegasus 
Bluff Harbor 
Invercargill 
Centre I.: Lt 


yoga. WRATH E AOL Ss Pp Pe 
SQSSts SSESSUSSSSRSER =e 


SERRE SSSR See See eee 


Auckland 

Tiritiri I.: Lt 

Flat Rock: Lt 

Burgess Islet: Lt 

Moro Tiri: L 

Whangarei 

Sugarloaf: Lt 

Cape Brett: Lt 
Whangaroa 

North Cape: Lt 

Cape Reinga: Lt 

Cape Maria van Diemen: 
Kaipara, North Head: Lt 
Manukau, South Head: Lt 
New Plymouth 
MikotahiI.: Lt 
Cape Egmont: Lt 


0 02 0 WO CBD CD BW CO OD 
ANMAABAIAAY 
Ake OSOS WNYOKrakhaaNwa WOR OR Re no oO oo Bre 
SISUSEERSSRSSCASENSSSRESESSS SSM SRRONE ~ 


Westport 
Kahurangi Point: Lt 


RON WWRHWWORDNNR Re 


Stephens I.: Lt 
Cape Jackson: Lt 
The Brothers: Lt 


Wanganui 
Kapiti I.: Lt 


NWOeoa oy, BP PNOONNFLWWONDH 


ANNANNARNNARANRNRRRAN NARNAH NDNDRARNRDRMDDMRMBDNM 
RBRANRNRNNANNNANNANANANANANANNNRRARNRNNRAMNARN NnNnRnNHNM 


Oa beEwOwWPL ARDY ROH 
AN I a ASOT Ses 


EAST COAST OF ASIA 


81000 Malaya hb A Boers 81400 Vietnam re , Bs: 
a Paniens Mepeearon: iteanaaes* 2 15 x 103769) HE }|| Sl4i0n a Tene -t 228 = See ee 10 23.N | 104 29E 
ersing its se sacesees sae se 27 103 49 E { ON Lee 
030 | Sungei Pahang: Li... _ FRAN Os SOE |] ee aan lniPpute Goudere A mee neeteees oan 
aie Hage ~----- Re Bs 3 48 x 103 20 E 440 | Hon Bai Can: Lt______________- 8 40N | 106 42E 
lau ‘Tenggol: Lt_____-...-__- 4 49 103 42 E 450 | Song Cua Tieu Entrance: Lt___| 10 15 N | 106 47 BE 
060 | Kwala Trengganu_----------..-- 5 21.N | 103 08 E AGO It SQigO7e eee ee, ee 10 46N | 106 42h 
O70!) Tumpat; Lt___._-_--.---2- 32 6 12N | 102 12E 470 Vung Taw (Cap Saint-Jacques).. 10 21 N 107 04 E 
- 480 ointe de Ke Ga: Lt.---_-..._- 10 42 107 59 E 
81100 Thailand 490 Phan Thiet ne. Sq 108 07 E 
81110 | Khlong. Sai Buri (Paluban “510 | Bale de Phan Rang! Lt 7 109 03 1 
RAV en) bss etc oon 6 42N | 101 40E 500 lt HoniChutehtee 2 109 13 E 
120 | Laem Pho (Lem Tachee): Lt_._| 6 57N | 101 18E 4 ME Ais seins wie vk 
130: 'Songkhla:*Lit.........._5! - saa 713N | 10037E 530 | Ile Tre (Mui Rachtrang): Lt___ 109 20 E 
140 | Laem Talumphuk: Lt_ --| 8 28N | 10013 E 540 | Nha Trang_..-------------- 109 11 E 
150 | Ko Prap (Goh Prab): Lt______- 914N | 99268 550 | Cap Varella: Lt__---..--.- - 109 27 E 
160 | Ko Tawan Tok (Goh Wang 560 | Poulo Gambir: Lt__-_---.-.---. 109 22 E 
Nal)sclite Sete ae 8 917N | 99545 B10. Qut Nhon_ Wo 2 22 5282227 Se 109 14 E 
170 | Pak Nam Lang Suan: Lt_______| 957N | 99095 580 | Vung Moi: Lt__-----------..--- 109 11 E 
130 qeiKO Rang tee ssmnenessse ose :...| 10 49 N 99 30 BE S90 eOul aol Non lubes seeac seen es 109 08 E 
190 | Ko Raet (Go Rad): Lt____.____] 11 48 N 99 50 E 81600 | Hsi-sHA CH’UN-TAO (PARACEL 
81200 | Krung Thep (Bangkok)__.......-| 13 45 N | 100 30B ISLANDS) (CHINA) 
210 | Ko Sampayu: Lit. sao ee ee 13 11N | 100 48 E 610 | —Shan-hu Tao (Pattle I.): Lt__| 16 32N | 111 36E 
eM ne Phai (Goh Pai): Lt__._-___- 12 56N | 100 40 E 620 | —Shih Tao (Rocky I.); Lt_____ 16 51 N | 112 200E 
ONG aT gaat een eee ee 12 31N | 100 58 EB , . : 
Sti) || deeosenasese. kl 1235N | 101 97 EF 81700 | Presqu’ile de Tien Sha: Lt_____ 16 08 N | 108 19 E 
250 | Ko Man Nok: Lt_......- ----| 1234N | 101 428 || 710) Da Nang (Tourane).__._.___._. 16 04'N.| 108 13. 
260 | Laem Sing: Lt_________ -| 12 28N | 102 04 E 720 | Ben Thuy 105 42 E 
270 | Ko Chik Nok: Lt__-_____-..5. 1218N | 102 14E 730 | Ile de Bien Son: Lt 105 49 E 
280 | Laem Sok (Lem Nam): Lt____- 12 03. N | 102 35E 740 lt Hanoi s+.0b_|_ 2) nine (iter 105 50 EB 
81300 Cambodia 750 | Hon Dau: Lt 106 49 E 
81305 | Sihanoukville (Kompong Som)__-| 10 39N | 103 30E 760 | Haiphong 106 41 E 
81310 Mh eam tt Re ee eee 10 30N | 103 36E 0 ji lles Norway: Wts.:s-20- 2 eee 20 37 N | 107 09 E 
320 ah DuongeDong....- 0. et ees 10 13N | 103 58 B (80 Wt CampPhaae 2 = eT eee 21 02N | 107 22E 


a a 
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EAST COAST OF ASIA—Continued 


Lat. Long. eo Place 


China os China—Continued 


Pei-hai (Pakhoi) “Fe a8 3 Wu-ch’iu Hsii (Ockseu Is.): Lt_- 119 27 E 
2 6 nea Tao (Turnabout Is.): 


109 55E 
Hal-NAN Tao (HAINAN) “119 59 E 
—Lin-kao Chiao (Lamko): Lt__ 109 42 E 119 18 E 


Yt-lin = a0? a z Ma-tsu Shan (Matsu I.)__...__-- 119 55 E 
6 110 208 Tung-yin Shan (Tung Yung): 
A Lt 120 30 E 
Nao Chou (Ile Nao-chow): Lt_- 110 36 E Ch’ih-chu Tao (Spider I.): Lt__- 120 04 E 
Aigrettes L., Colline Verte: Lt__ 110 33 E 2! Yin-k’ou-kou Lieh-tao (Incog 
110 24 E Iss 120 28 E 
111 18 E Tung-kua Hsu (Shroud I.): Lt_- 121 03 E 
Pei-yii Shan: Lt 122 16 E 
Tung-t’ing Shan: Lt 122 35 E 
113 35E Lo-chia Shan (LokaI.): Lt 122 27 E 
113 33E Hsiao-pan Tao (Steep I.): Lt__-- 122 35 E 
Hsia-san-hsing Shan (Elgar I.): 
Lt 122 31 E 


Kuang-chou (Canton) -_.-------- 23 Pik 2 
Wan-shan Ch’iin-tao (Ladrone Le : x ae 
Is.), Chu Chou: Lt 22 Lt } 122 22 E 


Wen-wei Chou (Gap Rock): Lt- Ta-ch’i Shan (Gutziat I J: Ut 122 10E 
ua-niao Shan orth Saddle 
Hoag Kong L): Lt 122 40 E 
Tsing Chau (Green I.): Lt She Shan (Shaweishan I.): Lt__- 122 14E 
Hong K 121 30E 
Tung Lung (Lamtong 1I.), 114 17E 
Tathong Point: Lt 2! R 119 49 E 
Wang Lan: Lt Ch’ing-tao (T'sing- Tao) -_- 120 19 E 
Chi Ch’ao-lien Tao (Ts’ang- : 
ee Be ae 120 52 E 
. = u-yeh Tao uitao 
le heal ed ean (Southeast Promontory): Lt_- 122 32 E 
Che-lang Chiao: Lt 22 Ch’eng-shan Chiao (Shantung 
Lien-hua-feng Chiao (Breaker Promontory): Lt 122 42 E 
Pt ): 29 116 30E 90 | Wei-hai-wei 122 07 E 
K’ung-t’ung Tao: Lt-_- 121 32 E 
Lt 116 48E Yen-t’ai (Chefoo) - 121 24E 
Lu Hsii (Sugarloaf I.): Lt 116 46 E Hou-chi Tao (Miaotao): Lt 120 39 E 
Shan-t’ow (Swatow) 23 116 41E Mu-chi-tao ek (Chimatao i 
Nan-p’eng Ch’iin-tao (High Promontory): L 120 13 E 
Lamock I.): Lt 231 17 17E T’ang-kw (Taku Bar) 117 42 E 
Hsia-men Tao (Amoy) 118 04 E Ch’in-hwang-tao (Chinwantao) ---- a 3 4 


Taiwan (Formosa) Ying-k’ou . oe i = 
Pai-sha-t’un (Hakushatou): Lt_| 25 121 04 E es oat re 120 58 E 

Tan-shui Ho-k’ou (Tansui Har- Lao-t’ieh Shan (Rotetsu San): 
bor): Lt : ; 121 25 E Lt 121 08 E 
Fu-kuei Chiao (Fukikaku): Lt- 121 32 E Lao-hu-wei Shan (Rokobi): Lt-- 121 15E 
P’eng-chia Hsii (Hoka Sho) Lii-shun (Port Arthur) 121 15 E 
121 43 E 


(Agincourt I.): Lt 122 04 E & K St 
Wan-jen-t’ui Pi (Banjintai Bi): Hsi-k’ou Chiao (Kohahu Shi): 

L 121 38 E 
121 49 E 


123 08 E 
123 05 E 
123 45 E 
124 23 E 


119 56 E 


aw 

oo 

ac 
<i 


or. 
ooo 
CO 


aCanar NNW 


ZZAZZZLZZ 2Z2Z ZZAZAZLZLZZ 


Lt 
121 44 E Z 
Chi-lung Chiang (Keelung) (Kii- ty pet Ad bo Tics 


radio) 121 44 E Tl Lt 
San-tao Chao (Sancho-Kaku): Ta: ‘wang chia Tao: Lt- 
Lt 122 00 E Ta-lu Tao: Lt 


121 51 E . 
Hua-lien Shih (Karen Ko)-- 121 36 E An-tung 


San-hsien T’ai (Sansendai I. 
T’ai-tung (Taito Ko): Lt 
Huo-shao Tao (Kasho-To): Lt_- Yalu River maroc Suun Do 
Hung-t’ou Hsii (Koto Sho) (Suiun To): 
O-luan-Pi (Garan Bi): Lt Taehwa Do lative To): Lt 
Liu-chiu Hsii (Ryukyu Sho): Lt_| 22 20 N Chinnamp’o 
Kao-hsiwng Shih (Takao Ko) a 38 N Taedong Gang, Chamae Do 
An-p’ ing: Lt 3 00 N (Shimai To): Lt 
P’ENG-HU LIEH-TAO (PESCA- S86 Do: L one 

DORES rarer Soch’dng Do (Shdései To): Lt_--- 
Sénmi Do: Lt 
Inch’6n (Jinsen) Sls i LES 
An Do (An To): 
Moktok To (Mokkatoku To): Lt- 
Tonggydngnydlbi Do: L 


NOAIDorn ore 


(oie 
morc 


EPPO PP 
FREESE EESS Ses 


Buss 


SP ie Ta0 (Boko Ko) 
—Yii-weng Tao (Kissi): Lt 
—Mu-tou Hsii (Mokuto Sho): 

Ong Do (O To): Lt 


Lt 
—Ch’a-mu Hsii (Sabo Sho): Lt_ Och’éng Do (Osei To): Lt 
i Kunsan Hang 
acy Mal To (Matsu To): Lt 
Chin-men Tao (Quemoy I.)----- Taerorok To (Dairoruko To): 
Pei-ting Tao (Dodd I.): Lt Lt 125 59 E 


ZAZZAZZZZAZ 222 


ZZ A2ZZZ 
SASS 
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APPENDIX S 
MARITIME POSITIONS 


EAST COAST OF ASIA—Continued 


Place 5 Not Place 


Korea—Continued Sakhalin 


° , 


126 23 E Mys Slepikovskogo (Konotoro Mi- 
saki) (Naka-notoro Misaki): Lt- 141 59 E 
125 47 E Kholmsk (Maoka) 142 03 E 
125 12 E i Moneron (Kaiba T6): 


141 16 E 


125 06 E Mys Kril’on (Nishi-notoro Mi- 
125 51 E saki) (Cape Notoro): Lt 142 05 E 
Hajo Do (Kacho T6): Lt 126 05 E Korsakov (Qtomari) 142 46 E 
Sangch’uja Do: Lt 126 18 E Skala Sivuch’ya (Gojo Iwa): Lt_ 143 24 E 
Mara Do: Lt 126 16 E 
126 32 E Li 143 26 E 
126 58 E Vostochnyy (Motodomari) 142 38 E 
126 36 E Mys Terpeniya (Kita-shiretoko 
Komun Do (Kyobun To): Lt__- 127 19 E Misaki): Lt 

Habaek To: Lt 127 35 E Mys Yelizavety: Lt 

127 48 E Mys Marii: Lt 


127 45 E 
128 33 E USSR 


128 44E Nikolayevsk 

128 50 E Mys Men’shikova: Lt 
129 06 E Okhotsk 

129 03 E 


129 22 E 
129 27E Ostrov Zav’yalova: Lt 


4 Nayakhan 
ibe s z Ust’-Bol’sheretsk 
Mys Lopatka: Lt 
129 206E Mys Povorotnyy: Lt 
128 Petropavlovsk 
127 
127 A 5 
128 Mys Shipunskiy: Lt 
129 Mys Kronotskiy: Lt_ 
129 Ust’-Kamchatsk 
129 Komandorskiye Ostrova, 
129 Ostrov Beringa (Bering I.) 
30 Mys Afrika: Lt 
oe Mys Navarin: Lt__- 
Mys Barykova: Lt 
Mys Geka: Lt 
Anadyr’ 
Bukhta Provideniya, Mys 
Lesovskogo: L’ 
Mys Chaplina: L’ 
Mys Kygynin: 
Mys Nygligan: 
Mys Krigugon: 


Kuril Islands 


Mys_ Kurbatova (Kokutan 
Zaki): Lt 50 156 29 E 
Imai Saki, Vtoroy Kuril’skiy 
ae (Paramushiru Kaikyo): 


w 


Kanjol Gap (Konzetsu Ko): Lt 
U1 Gi (Uru Saki): Lt 

Changgi Gap (Choki Ko): Lt__- 
P’ohang Dong 


SSSSBE 
4 00 Hm Ob 00 


or > 
ne 


Bs 
iw} 
Lovet ce he SS 


Ron 


Suwon Dan (Suigen Tan): Lt__-_ 
Wonsan Hang (Gensan Ko) 
Hingnam 

Sinp’ 


oO 
No ow 


BROTHERS CONNOOmWWAD 
on 


CONCOrRW NAO ADWON THO 


aS 


Saas 


Musu Dan (Busui Tan): Lt 
Orang Dan (Gyoro Tan): Lt___- 


mon 
He O10 Or © He 


we ICO 


ZZLZZALZZAZLZLZA AZAAZZLZZAZLZAZLZZZ 
oor 


8 


Mys Gamova: Lt 
pee ey Rimskogo-Korsakova: 


= 
oo w 

RR FRETS 
Ny PRNOF 


SEES SSeS eee 
z 


oy 


Mys Bryusa: Lt 

Vladivostok 

Ostrov Skrypleva: Lt_- 

Ostrov Askol’d: Lt 

Nakhodka 

Mys Povorotnyy: Lt_- 

Mys Ostrovnoy: Lt 

Mys Nizmennyy: Lt___- 

Olga 

Mys Yegorova: Lt 

Mys Belkina (Cape Disap- 
pointment): Lt 

Mys Zolotoy: Lt 

Mys Peschanyy: Lt 

Mys Krasnyy Partizan: Lt 

Sovetskaya Gavan’ 

Mys Syurkum: Lt 

Mys Kloster-Kamp:; Lt___. 

De-Kastri 


Lao 


Sooorw Ses 
WOOP RO on 


8 


i 
WWWWWWWWWH 
AaAnWwwnndetee 
RFoOoroOoMm oor i] 

8 SazB 


ANIDAOA 


156 12 E 


155 24 E 
Ostrov Toporkova (Iwaki Jima) 
(Banjo T6): Lt 153 18 E 
Ostrov 
To): Li 151 49 E 
Ostrov Urup (Uruppu T96): Lt_| 46 14N | 150 21E 
Ostrov Hurup, Kasatka (Eto- 
rofu T6, Toshimoe); Lt 147 44 E 
ie Lovtsova (Atoiya Misaki): 
t 


ba tt 
SN 
Sooo 
Breas 
NGHOoe 


on 
BemoeE SC) 
eofico]ic>] 


146 34 E 


142 08 E ) 145 51 E 
Shikotan To: Lt 146 55 E 
141 51 E Shakotan 146 50 E 


~ 


Nemuro 
Nosappu Saki: Lt 
Hanasaki 


on 
ee te 
on 
ww 


Kushiro 
Erimo Saki: Lt 
Urakawa Ko: Lt 


_ 
> 
w 
nan 


Soe 
cotesicoiicolcoicoicoiics| 
Ne PPROY 
BAO OO 
ZAZZZZZZ 
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APPENDIX S 
MARITIME POSITIONS 


JAPAN—Continued 


Place 


Honshi 


Tappi Saki: Lt Toi Misaki: Lt 
Sata Misaki: Lt 


Aomori Kagoshima 

Oma Saki: ] Bono Misaki: Lt 
Shiriya Saki: Lt Tsurikake Zaki: Lt--- 
Todo Saki: Lt Nagasaki Bana; Lt__- 
Gotst Iwa: Lt 


Tbe Saki: Lt 

Katsuura Wan: Lt 

Nojima Zaki: 

Suno Saki: 

Tateyama 

Dain Kaiho (Fort No. 2): Lt__. 


Kogo Zaki: Lt 

Shimo-kareki Shima: Lt- 
Ogami Shima: Lt 

Danjo Guntéd, Me Shima: Lt__- 
Goto RETTO 

—Hirashima: Lt 


Daisan Kaihod (Fort No.3): Lt_- 
Kannon Zaki: Lt 


g 
Ajika Jima (Ashika Shima): Lt_ 
Tsurugi Saki: Lt 
O SHIMA 
—Kazahaya Zaki: Lt 
—Habu Ko: Lt 
Mikomoto Jima: Lt 
Tro Saki: 


Fukiaino Misaki: Lt__.-..-_---- 
Omae (Omai) Zaki: Lt_- 
Kaketsuka: Lt 

TIrago Zaki: Lt 

Taketoyo 

Fugu Saki: Lt 


Yokkaich 
Kami Jima: Lt 


KO Saki: 


Kuro Shima: Lt 
Mitsu Shima: Lt 


& 


i) 
eteotesfcoicoicoico ici c>| 


ate Shima: Lt 
Nyaku Shima: Lt 

dd - Eboshi Jima: Lt-__- 
Daio Zaki: Genkai Jima: Lt___- 
Ko Shima: Lt 

Miki Zaki: Lt 

Kandori (Kantori) Zaki: Lt---- 
Kashino Zaki: Lt 

Shiono Misaki: 

Ichie Zaki: “ Honshi 


Hino Misaki: Lt Mutsure Jima: Lt 


Wakayama S 
Tomoga Shima (Okino Shima): nee Oh eg 
Lt 


Sens tee eee eae 
ZLZLZAZLZZLZLZZLZLZZALZLZZALZLZZAZ 


cohestesfesesfeocoteokcsteoheoesfeoeofeolesieoleo eshte ico Meech coicohcoicolcolcoi coco iice) 
BOS ROS 


ANDROSORE CORE RE ORNHSHIDN 


Naikai (Inland Sea) 
Hinomisaki: Lt 
Osaka, Honshit Fiz Zaki: 


Wada Misaki: 2 

eral g Saigo, Oki Gunto-_- 

Bee Eb oe eon Kyora Saki: Lt 

Itozakicho, Honshu J 

CUTE PTTONSNU 2 = = = 5 ee 

Hiroshima, Honshi 

path taed! se 

Shimonoseki, Honshii é ae 
4 i Echizen Misaki: Lt-- 

Moji, Kyasha 3 30 | Saruyama Zaki: 

He Zaki, Shimonoseki Kaikyo: ; Rokugs Saki: Lt 

epi Ky tsk i. ne 

git are (Seki Saki): Lt__--- ‘ haar 5 

Sada Misaki: : Sena g = 

Tmabari, Shikoku 3% Nea a an 

Gl C abate) SHICORU.- --- ( —Sawazaki Bana: Lt 

She —Hajiki Saki: 

Sumoto, Awaji Shima ‘ — Ryotsu (Ryozu) 
Shikoku —Hime Saki: L 

4 i Niigata 

Komatsushima wees 

Spee ii: Misaki ape wa 

aki): ‘ Le hs # 
Kannoura Ko: Lt Nyudo Saki: Lt 
Muroto Zaki: Hokkaido 


Ashizuri Zaki: Lt Benten Jima: Lt 
Mizunoko Shima: Lt 132 11 EB Ko Jima: Lt 
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Index 
No. 


Place Lat. 
Hokkaidé—Continued ine 

Kamome Shima: Lt 
Inaho Misaki, Okushiro Shima: 
Motsutano Saki: 
Benkei Misaki: Lt 
TWONT Ss Ie BS ae8 eee 
Kamui Misaki: Lt 
Takashima Misaki: Lt 
Otaru eee eetee a Fee 
Mashibe st went ts 
Yakishiri Jima 

Shima) seth ee 
Oshidomari, Rishiri T6: Lt_ 45 15 N 
Wakkanat.-. 202.222 22. 45 25N 
NOyadMisalkis iota see ee eee” 45 31 N 
Notoro Misaki: Iot----_ 2222222 44 07 N 

Nampo Shotd (Nanpd Shots) 
Hachijo Jima, Ishizumiga 

Hamasihit a. o son 33 05 N 
Aoga, Shima ss a5) assis ae. 32 27 N 
Urania I. (Existence doubtful) __} 31 54 N 
Mori Shimae soo ceen. cee 30 29 N 

° / 

BatanlaPeakicesic Saree 20 28 N 
Babuyam I: Peak. 22-2... 19 32N 
Didieas ROcKks= aes 19 05 N 
Cape Engafio: Lt_-._.__________ 18 35 N 
PA Dannie ALz01 sae ae eee 18 22N 
Pata Pointy issn eae ee 18 37 N 
Cape Bojeador: Lt=___.) | Naim 18 31N 
LE QORY LUZORE ne ae ene ee 18 12N 
Currimac, Piicon == 18 01N 
Salomague, Luzon.-...-._------- 17 47N 
Pandan, Luzon 17 32 N 
Candon: Lt____ 1712N 
Tagudin: Lt 16 57 N 
San Fernando, Luzon__-_-_--__- 16 37 N 
ERONO WLMUZON = © me elo eee a 16 387 N 
Dagupan, Guecet Point: Lt____] 16 04 N 
BONGO MEAZON =e 16 23N 
Piedra Point, Cape Bolinao: 

tee see ee 16 18N 
Hermana Mayor I.: Lt________- 15 48 N 
Palanig Point: Dte ot 15 26N 
Capomesiipi bese oe 14 55 N 
Subic Bay, Sueste Point: Lt___| 14 45 N 
Olongapo, Luzon... ee 14 49N 
TayMonjanlepiitee eee oe 14 23 N 
Moariveles, Tuz0n.s 0 sees ee 14 25N 
Corregidor. ate) oe 14 23N 
Manila, Luzon =. oo 14 35 N 
Cavite, Luzon___._-- 14 29N 
Sangley Point: Lt 14 30 N 
San Nicolas Shoals: Lt_________ 14 26N 
Caballodee too. nee 14 22N 
Fortune I.: Lt_____- 14 03 N 
Cabraslgn lupe eesens 13 538 N 
Golowin Lteoecsseee 13 38 N 
Hee Santiago: Lt 13 46 N 
Balayans lot pe eee Beene 13 56N 
Batangas LUZone see ene neon an 13 45 N 
Malabrigo Point: Lt____________ 13 36 N 
Port Baggy! Az0n eee ae eee 13 47N 
Donsol VoizZone een eee 12 54N 
Sorsogon, Luzon__.._.----2 5. -_-- 12 58N 
Basataoutclt eee eee ecae 12 50N 
Bulany Liz sens see lene aes 12 40 N 
TCGAS pt al cOn see eee 13 09 N 
UngayRoint:wiitesess: eee eee 13 11N 
TRATED IOAN Deen ene oe 13 22N 
Miallin 075i ( eee eee i 13 24N 
Sabang Lisi waters segs 13 43 N 
plalapePointals tose seee ae eee eee 13 40 N 
Virac, Catanduanes____________- 13 35 N 
Pandan | tees eee 14 08 N 
Ocala les Lit si: otesecn semen ae 13 59 N 


APPENDIX S 
MARITIME POSITIONS 


JAPAN—Continued 


Long. inde Place Lat. 
Nampo Shotd (Nanpo Shotd)— 
me Continued 
140 07 E 4 
87550 | Chichi Shima, Ogasawara Gun- 
139 34 E t6) (Boniatis)) ste eee 
139 50 E 560! | Hehadimapes 
140 12 E 570 | Iwo Jima: Aviation Lt 
149 ot 42 || 87600 | Nansei Shots (Ryukyu Islands) 
141 01 E 87700 | TANEGA SHIMA 
141 01 E 710 | —Nishinoomote K6: Lt________- 30 44 N 
141 32 E 720 | —Otake (Take) Zaki: Lt______- 30 23 N 
87800 | Yaku Shima, Nagata Misaki: 
141 26 E Lioness i ee 
141 14 E 810 | Kusakaki Shima: Lt_______ 
141 41 E 820) M@aja|Shiniandit ses ee 
141 56 E = 
14415 EB 87900 | AMAMI-O SHIMA 
O10: | = NaseRe Va ee ie oes 8 2S 28 23 N 
920 |"—SotsukoZakis Tito) te 28 15N 
88000 | OKINAWA GuUNTO 
010 | —Tsuken Jima: Lt__.......--_- 26 15N 
139 51 E 020 | —Naha, Okinawa Jima_________- 26 13 N 
139 46 E 88100 | Miyako Jima: Loran Station___| 24 44 N 
140 00 E 110 | Okino-daité Jima_______________- 24 28 N 
140 19 E 120 | Kita-daitd Jima_____-.__-_______. 25 56 N 
PHILIPPINES 
° , ° , 
122 01 E 89520: |“Canimowemita 222s eee es aes -| 1408 N 
121 57 E 530) | Dallon: Tesi fers ase Sane 14 25N 
122 12 E 540) | Baliscan ie Lio) sean en eee 1415N 
122 08 E D0: EP olillo MP Olitlonieee sees eee 14 44N 
121 38 E O60: [Balers Bavzoeesnao ss) as De 15 46 N 
121 09 E 670° Cape Calavites bts sees.) saaas 13 27N 
120 36 E 580 | Escarceo Point: Lt__.___..______| 13 31 N 
120 35 E 600) |RVerde: Ia Peaksee Sis 13 34 N 
120 29 E 89600 | Calapan, Mindoro_______________ 13 25 N 
120 25 E 610: | SDumalimPoints ates seen ssesoees 13 07 N 
120 22 E |! g9700 Sibuyan S 
120 25 F ibuyan Sea 
120 26 E 89710 | Tres Reyes Is., Baltasar I.: Lt___| 13 14 N 
120 19 E 720 | Gasan, Marinduque I___________ 13 20 N 
120 18 E 730 | Balanacan, Marinduque I___-___| 13 32 N 
120 20 E 740 | Santa Cruz Harbor: Lt_________ 13 30 N 
119 54 E 750 | Simara I., Corecuera Point: Lt__| 12 48 N 
760 | Tablas I., Gorda Point: Lt_____ 12 40N 
119 47 E ¢20) | |SApunangeointwibpee —9 5 elena 12 29N 
119 48 E 780 | Romblon, Romblon I____________ 12 35 N 
119 54 E 790' | Sabang Point: Wit.) 12 36 N 
120 00 E 89800 |, Burias [5224 ees a) 13 00 N 
120 11 E S10) |4@San Misucliksito ess Sane! 12 43N 
120 16 E 820 |, Ticao\ i eee ee es ae 12 35 N 
120 31 E 830)" BusuilPointeeliieess = ee 12 36N 
120 30 E 840 | Colorada Point: Lt___._________ 12 33 N 
120 35 E 850 | Port Barrera, Masbate I__...-___| 12 31N 
120 58 E 860 | Masbate, Masbate I_____________ 12 22N 
120 55 E CVAD |) lua ii Ap 1 11 50N 
120 55 E 880 | Ploripon Point" Wits ses eenenee 11 37N 
120 46 E 890 |) Port Capiz) Panay Toc) +22 11 36 N 
120 37 E |! ggg00 Vi Ss 
120 29 isayan Sea 
120 01 E 89910 | Manigonigo Islet: Lt___________ 11 36N 
120 25 E 920 | North Gigante hs Ets) 4.) 11 388N 
120 39 E 930'| Baliguiani -iLtsoee2 an 1112N 
120 44 E 940! (s Calebazashie: M1, t= es seen 11 05N 
121 03 E 950 | Tanguingui Islet: Lt____________ 11 29N 
Oe 1s z 960: | Malapascua T.: Lt 2. 152) 5 11 21N 
39 
123 35 E 90000 Samar Sea 
124 00 E 90010" | Mata bag ie Lt=sss= eee 12 19N 
123 47 E 0207 /8@abilisom Testes ese ene 11 68 N 
123 52 E 030 | Cathalogan, Samar______________ 11 46 N 
123 45 E 040" "'Calbayogs tee. hone co ae 12 04 N 
124 13 E 050) | Capuliie tits ne ce 12 29N 
123 44 E 060 | Calantas Rock: Lt______________ 12 31 N 
123 43 E 070 | San Bernardino Islet: Lt_______ 12 45 N 
123 35 EB 080) | BBatacih.-\ ict = sie eee nee ee 12 40 N 
124 02 EF 090 | Borongan, Samar_______________ 11 36 N 
124 15 E 90100! |; Divinmho le Lines eee eee 11 36 N 
124 10 E LION Oulart beeen een 10 45 N 
123 50 E 120 | Mariquitdaquit Islet: Lt_______ 11 04N 


Long. 


122 0: 


123 0 


i i 
no in} 
wo to 
Ne = 
WROUNIAONOR WHO 


eolerheolcohcocohcotesfesteoeieoicoieoicsico icc ics] 


a 
no 
ow 
8 


= 
bo 
ie) 

Bwow 

WOOonn 


a 
to 
P= 

Woe 


124 0 
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MARITIME POSITIONS 


PHILIPPINES—Continued 


Place Lat. Long. nee Place 


Samar Sea—Continued Camotes Sea—Continued 


Tacloban, Leyte Mact I, Jin: int: 
Hibuson I.: Lt Lt che ig hela 


: Cebu City, Cebu 
Mindanao Sea Lauis Ledge: Lt 
Liloan, Panaon I. 


Tafion Strait 


Amblan Point: Lt 
Pescador I.: Lt 
Dumanjug, Cebu_..- 
Refugio I.: Lt 

San Carlos, Negros__-_- 
Balamban: Lt 


Maasin, Leyte 

Balicasag I.: Lt 

Siquijor I., Port Canoan: Lt__-_ 
Dumaguete, Negros 

Apo I.: Lt 

Tagolo Point: Lt 

Polo Point: Lt 


ORR Work 
Aone wooe 
AWOROon 


SESE ESE See 
SRSEAS 
ZZZZAZ 


Iligan, Mindanao 

Cagayan Anchorage, Mindanao-- 
Bugo, Mindanao 

Mambajao, Camiguin I__- 
Butuan, Mindanao_._____- 
Surigao, Mindanao-___ 

Rasa I.: Lt 

Peper Point, Bucas Grande 


Panay Gulf 


Bacolod, Negros 
Siete Pecados: Lt_-- 


Guimaras I., Lusaran Point: Lt- 


Sulu Sea 


Nogas I.: Lt 
Tubigan Point, San Jose de 
Buenavista: Lt 


000 00000 MOWMOOOO 


Arasasan, Mindanao- 
Mati, Mindanao 
Cape San Augustin: 
Santa Ana: Lt 
Davao, Mindanao 
Daliao, Mindanao-__- 
Malita, Mindanao___- 
Tinaca Point: Lt 
Cotabato, Mindanao 
Parang, Mindanao 
Sibago I.: Lt 


DAI 00 SAGSLSRSSk 
AAALZALZALAALAALZAAA AAZAALAAZLZAZLALAALZALZAAZA 


Maniguin I.: Lt 
Ambulong I.: Lt___- 
Apo Reef: Lt 
Culion I.: Lt 
Langoy I.: Lt 
Manucan Islet: Lt 
Puerto Princesa, Palawan 
Sir J. Brooke Point: Lt 
Tubbataha Reef: Beacon 
Zamboanga, Mindanao Balabac I., Calandorang Bay_--- 
Little Santa Cruz I.: Lt Gee Nasi Ealabee Tel tee 2 
agayan Sulu I.: Lt 
Camotes Sea Taganak I.: Lt 
Canigao I.: Lt Saluag I.: Lt 
Baybay, Leyte Bongao, Tawtawt I......------- 
Pilar, Ponson I__---- Pearl Bank: Lt 


ABDIIWIDDWOOO 
wWNOSTOCHAGhH & Pho Wwe OW 
me OOH He OT 
NSNNNWOND AONWanorea 


x 
_ 
—lededowowo! 
NWwNwhwhdy ty 
we He Or Or Or Or 


on 
we bo 


ao 
em Orb 


iS) 
S 
SORE RP RRBWUE Ro woC hh RS orb tO 
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Palompon, Leyte 
Bogo,; Cebu_...-.----- 
Capitancillo I.: Lt___ 
Bagacay Point: Lt 
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Mataja I.: Lt 
Malamaui I.: Lt 
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NEW GUINEA SOLOMON ISLANDS 
—Kieta, Bougainville 
—Tandjoeng Sorong: Lt —Choiseul 
—Manokwari, Neth. New Guinea 
—Poelau Noemfoor 


Nee ROOO 
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Naconeo 
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Kehoe 

ac[eoe 


—RHollandia, Neth. New Guinea_- 
—Madang, North East New 


On 


—Cape Cretin, Nussing L.: 
—Salamaua, North East 
Guinea 


—San Cristobal__------ 
—Ndeni (Santa Cruz I.)_------- 
NEw HEBRIDES 

—FEspiritu Santol----- 22-22 -o.-= 
—Efate (Sandwich I.)-_--.------- 
Loyalty Is 

Nouméa, New Caledonia- 
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—Cape Vogel: Lt 
—Samarai, Papua 
—Brumer Is.: Lt 
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Macquarie I 
Auckland I 
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BISMARCK ARCHIPELAGO 
—Lorengau, Manus, Admiralty 
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—New Hanover 
—Kavieng, New Ireland 


—Rabaul, New Britain ) aera 
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LESSER ISLANDS OF THE PACIFIC—Continued 


Place 


IsLAS JUAN FERNANDEZ 

—Mas a Tierra 

—Mas Afuera_-__---- 

Isla San Ambrosia___. 

Archipiélago de Colon (Gala- 
pagos Is.), Isla San Crist6bal: 
Lt 


Tle Clipperton 

Johnston I.: Aviation Lt 
Palmyra I 

Washington I 

Fanning I 


Caroline I 
MARQUESAS ISLANDS 
—Hle Nuku-hiva: Lt 
—lIle Hiva-oa: Lt 
TUAMOTU ARCHIPELAGO 
—Mangareva 
—Nihiru 

—Takapoto: Lt 
—Fakarava, Rotoava 
—Makatea: Lt 
SOCIETY ISLANDS 
—Ile Bora-Bora 2 
—Pointe Venus, Tle Tahiti; Lt_- 
—Papeete, Ile Tahiti 
Cooxk ISLANDS 
—Mangaia 
—Rarotonga 
—Aitutaki 

Kermadec Is., Raoul I 
TONGA 

—Tongatapu 
—Malinoa: Lt 


—Suva, Viti Levu 

—Levuka, Ovalau 

—Koro: Lt 

—Vanua Levu, Undu Point: Lt-_ 
—Wailangilala: Lt 


PALMER PENINSULA 

—Hope Bay 

—Cape Legoupil (Joupil) 
—Melchior Harbor 

—Andersen Harbor 

—Lambda I.: Lt 

—Anvers I.: IGY Station 
—The Waifs: Lt 
—Wilhelmina Bay: Lt_-__-__-_-- 
—Port Lockroy 

—Useful Islet (Isla Lautaro): 


—Doumer I.: Lt 
—Horseshoe I.: IGY Station____ 
—Marguerite Bay (East Base) __ 
Charcot I., Cape Byrd 

Peter First I.: IGY Station____- 
Cape Dart, Mount Siple 
Cape Colbeck 

Little America; IGY Station 


SAMOA 
—Apia, Upolu (New Zealand) _- 
—Pago Pago, Tutuila I. (U. 


Gardner I 
McKean I 

Canton (Musick) I 
Enderbury I 
Baker I 


GILBERT ISLANDS 
—Tabiteuea (Drummond I.) 


—Kwajalein 
—Bikini 


—Tomil Harbor, Yap 
PALAU (PELEW) ISLANDS 
—Babelthuap 

—Peleliu 

—Angaur__ 

Sonsoro] Is 


Merir 
Tobij(Nevil l= ee See 


Ross IsLAND 

—Cape Bird 

—Cape Armitage 

MeMurdo Sound: IGY Station_ 

Franklin I 

Cape Adare: IGY Station 

Sturge I 

Cape Denison, George V Coast - 

Pont Géologie, Adélie Coast____ 

Budd Coast, Cape Poinsett 

Bowman I 

MillI 

Drygalski I 

Vestfold Hills: IGY Station 

Cape Darnley 

Cape Boothby 

Proclamation I 

Riiser-Larsen Peninsula, Prince 
Harald Coast 

Cape Norvegia 

Duke Ernst Bay (Vahsel Bay): 
IGY Station 
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171 46 W 
170 40 W 


171 15 W 
171 54 W 
172 31 W 
170 43 W 
172 13 W 
174 32 W 
174 08 W 
171 43 W 
171 05 W 
176 29 W 
176 38 W 


179 13 E 
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169 35 E 
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175 00 E 
172 58 E 
172 46 E 


ee 
He ee pe 
ocr or 


a 
or 
oo 


— 
ist) 
oO 


BSR SERPS See eee See 


eee OR Ww Coburn WoW Pw 


= 


1101 


APPENDIX S 
INDEX 
Index Index Index 
0. No. No. 
PAS DONTAG 8 oe ee eet AGQ0O PAlmontagsiees=c 2 ee ene 43710 | Alvaro Obregon_----------------- 13500 
Aalborg. .---.-------------------- 46440 | Akra (Cape, Point). (See proper Ce ee eee ee 75120 
Aarhus... ----.------------------- 46340 |" ‘name.) Aniami-O Shima. 12.2211... 87900 
Aargsund Havn..---------------- Akroterion, Cape____.___.-----__- 56360: | Aniapala,....-...ioflo...2e 15410 
Abadan-__.---.---.-------------- CT ts RE RR OF 56360 | Amatulil., East....._-..---____- 18420 
Abbas, Bandar____-_----------- Akutan Harbor-_--_-_- 19010 | Amazon River 
Aberdeen (Scotland) . -------- (Micyahs ecco eee 70820 | Amblan Point 
Aberdeen (Washington) Al Bahrayn--------- 69200 | Amboim, Porto 
Abidjan Al Basrah____------- 0370) Amboinamet ores tee 
O-- - = - >= ----------------------- Al Fuhayhil-_--_----- 69350 | Ambon I___._- 
Abu Ail Is Al'Hadd: = 69060 | Ambre, Cap d’ 
Abit Daraj, Ra’s 66240 | 4) Tinwan___. BE170 | matinee sone eee eer eeee ae 
PAseaitit esas wee ee ote ee 0000 Il en ST Ambrizete_____ 
Aare ee 69350 
Acapulce == === =e Mire 69360 | AMbulong I--- 
eS SE ae eee 62480. SEEMS G Amchitka I-_- 
‘Acre Al Ladhiqiyah--_ 58620 gaa Ban 
Seba Sng ORT ARE? Al Masiratiolcs2 22... 3 60050 Sores 
Peet ABI Sea oan-- ‘Al Mintaqah ash Sharqiyah_.... 69300, | A™elia T-__--_- 
Ad Dawhah....______- faq ESRD erst Garry | kmiblis, Porto. 201 ieee.) __ seam 
RAtclaky Ttewee ke Al Mukalla America, North_ 6000-14780, 15000-19700 
Id alig tite... eee ‘Al Mukha America, South-25000-28030, 29000-30550 
Adare; Cape: io.) iset.c2 aban) American Shoal ss22.2 =. = een 12360 
Adelaide, Port_ Alacran, Arrecife (Mexico) _-_---- 13630 ae screen Rea ne a 8430 
Mable ‘Alacran, Isla (Chile)_._..--.--_-- 29960 | Amherst Harbor__----------__-_- 7910 
Adélie Coast-_------- (Mamapanseeee-o---..-22- eae 94839 | Amirante Isles_-_--..----.------- 67400 
Cea, 2) ee ee Amour Polnt see tose e eee 6180 
Alamedats.<22-st2<ce<ccose2==208 16640 
Aden, Gulf of-_-------- (Alaiye Sennen = AR aad 59490 | AMoy---------------------------- 82480 
Admiralty Bay INES lke ~~~ 3200, 18100, 19300 | “™Penam--_-------------------_. 74310 
Admiralty Is_-..-.----- Rianne aes. 8 ed 10 ly ancaele  eiae a e plata 
Adra_---_.------------ ee 7SL20) tency ares cn Seer Tee eee ee ee 
oa) eae é He SEL ere o> am emer Fengy | Aumsterdam.—_—---.--. wmecse 47410 
PAL DOIGOLt =.=... -2-== WMHatanOe eee ee ee 96820 || Amsterdam, Ile....-....--22_ 222: 67810 
Aegadean Is__-------- ‘Albernas, Ponta do____--------_- B1210) | Am: Dol. - 20 2. 2. <-- sS 83390 
Aegean Sea___-------- Albernibeten: tee ee 17ZER0NPAN=p ing =. 2 ie vl 82670 
Wepinal= .__2=523=:—— IN binaee ontate ses oes ee 63740) Ameo le 222. eos eo ec ease 83390 
Aegna._-. ---------- AibinosPointeees see eee 63740) PAM CULE eee fe ee ee 83290 
Js je oe eee 6000 | Albir, Punta del___-_------------ 51310)| ‘Amacapa T__.__.--------------<-2— 16370 
J ATEGPACEN LS 7 0 Alborfns Tsla:de.--.2---=-- 2222-26 59940) Amacortes:_-.- 22-5... 2. ee 17420 
Africa, east coast----------- AYbrand, Pointes..2)2222222222! GSO1ONMAMAG VTit cee cee so ce oee eee eee 84610 
Africa, north coast --------- 00-60000 | ‘Ajcan Harbor_____--------------- (otto) Anaga, Punta deo... -- sees == 32640 
Africa, Scoglio d’_---~-- Alcatraz I. (California) _---------- 16610 | Analalava-_..__-.-.---------=----- 68710 
Africa, South-West 63800 | Alcatraz, Ponta do (Cape Verde Anambas, Pulau-pulau----------- 72100 
Africa, Republic of South.- 63900, 64000} [s.)__-.-____--______---------_-- ROO WAMAIMIDO, INOSl. 2. 2222-2 ease 68770 
Africa, west coast---------- 61000-63980 | Alcatrazes, Ilha de (Brazil)---. -- 26560 | Anamur Burnu------------------ 58430 
riika MVS sc. Soe See 8 ote S45 7OVAldernoy-£ ee eee aes 30190) Amapskiy, IMySs_o2.-------- -=te 57600 
Tce aie So ae eee eee 61330 | Alegranza, Isla__----------------- 32920 | Anatahan__------- a 94840 
RE <a ss 52690 | Alegre, Porto....._--------------- 26810 | Anchor I. (Australia) -..-...---_-- 78330 
Agerspin 2. —-<-<05- poe 46620)||"Moksandrovsks once 84210 | Anchor Point (Alaska) _____----_- 18450 
Agincourt I___.----.- eR S2540 Alor pues nema ers ae oa ces 4140 | Anchorage----------------------- 
Agios Georgio I__---------------- 56280 iinet ee ee ee 40750 | Anciola, Punta------------------- 
Ag6---.-------------------------- 42250) tertiary, siete eee one 19000 | Anclote Keys 
Agria Grabusa------------------- 58210 | Alexander, Cape (Canada) --_---- 3480 pncors ~-------- 
Agria Gramvotisa_._---.--------- 58210 | Alexander, Kap (Greenland) ---- 1090 | Anqud .....--------------- 
A pe icted Dunes obec reer emai Re rae ee tee 
a Gee aaa of years | Siecandrod polls: IMONeS ofa canons cla 
Aguada (3.401) ee ea lexan ae 
Bechana ents 7310 | Alfanzina, Ponta de -—-- 77-7 Salsa ies OserSeD: ARE OOE. 3:7 Zeno = re a 
Aguja, Punta. .----.---.--------- 30220 | Alfaques, Puerto de las...-.----.- pee 17 snd Moo tsaidieaseueuesc. caceuet ap SOI20 
NomihastOnpes: 2c. se se. 20s 25s. 64040 | Algeciras. ------------------------ 50320 1 EA RRL ep. Arsalan 55960 
Ahuf, Punta_-_---- - 29330 | Alger-.--------------------------- 59670 aa 56070 
_ 41650 | Algeria--------------------------- 59500 | Andfrrion, Akra-_.----.------------ 
Ss pee peer Mio ee 59670 | Andran Omody, Cap------------- 68400 
ieee alot des (Madagascar) _- ete Micuada Rectss ses 2-22 ee 70880) || Amare) Cape. -----2.---2----=-22- 68210 
erettes I_---------------------- iMlican tes. fe... =-- 23 ee 51290 | Andros (Greece) ------------------ 56400 
Aiguille, Pointe de] 59750 | ‘Alice, Port-..------------- unmsad 17740 | ‘Andros ¢ (West Indies) __-------- 21060 
Ailly, Pointe Qyss. cue se=~ 47820 ‘Mice, Puntardell2==2-- = sae 55070 Anegada de Adentro (Mexico) ---- 13390 
Ailsa Craig-..---------- 37320 +A) IamGTiyah....-.-.<0=20-26-00- 66270 | ‘Anegada I. (Lesser Antilles) ...--- 22960 
Aimazi__--..-----.------ dl it i ee a 52970 | ‘Anegadiza, Punta_......--------- 29520 
Aire, Isla del----------- 3 52300 Alitak,: Capesa22:-=22-2--= 322525 18580 (Amgamos) Pumtas:--- 25. = -- 29910 
Airlie I.__----.--------- (8300) alton « Portesss sone See Sante DOTOO I iipariy ne esos tek! See PE SORE 95030 
Aird Misaki__.---.----- Seem | MMOD DEY.  eenancan ss -2618 g 70010 | ‘Angel, Puerto_....---.----------- 15730 
Aitodor, Cape-------- 57420 Alligator I. (Alaska) -..-.-.------- 18610 | Angeles, Port (Mexico)----.------ 15730 
Aitutaki__--.-------- 93530 | ‘alligator Reef (Florida) -----.---- 12340 | Angeles, Port (Washington) -.._-- 17210 
Ws ile.d?=-. eee! 199 48080 | Wlivahit. 2.202422 2nacsswesnsase 43470 | ‘Angeles, Punta.....-.-.---------- 29760 
JET ae os tne eee 6200) | Almeria. 22--aae a= oes assseeeee= 51190 | Anglo-Egyptian Sudan. (See 
Mjaccinwesssaess=222— == 62920 | (Almina, Punta.----------2222_ = 59990 | Sudan.) 
JV G8 Won eee eee seee 86440 Aimirantelgse.2s20 22-256 s05- 292 14710 IAnemagssaliks--=--5.2-5-o52---< 
Ajo, Caboidessseerss- 2. 20520) | TAUNOS 4, oe woes anaes oS ES 40760 Angola ee ee ae ea 
Mosh olmg=s*2s222-22-- 2-2 - S260) Alor) Pullatie seee- eon -=-=-- = 74600 | Angra do Heroismo (Azores) 
Ajossdarizesesisens =. 42630.| Alprech, Cap d’_.-------------t-- 47760 | Angra dos Reis (Brazil) ---------- 
Akao, Nosy Al nigga sPulauces--=---22222 
Akaroa___- AGIA eee eee meee ee ee 
Akashi KO Anguille, Cape-------------- 
et Me TON No) Eee S See eee 
eon, Mys Am jOUaT ee Seen Se 
setae estes IiNsavi) ON i Bee ee oe 
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Annapolis 

Annisquam 

iAfio Nuevo,. Islas... .-2-222-2 122 27680 
Anorombato, Pointe 

An-p’ing 


Anticosti I 
Antifer, Cap d’_- 
Antigua 
Antilles, Lesser 
Antipodes I___ 


Antonio, Port--- 
Antsirana 


I, (Mindanao Sea)_..-___-... 90270 
Apo Reef (Sulu Sea) 
Apolitares, Akra 
Apple River___.____ 


Archangel 

Archer Point 

Archipel des Comores___- 
Archipiélago de Colén___- 
Arctic Bay 

Arctic regions 


Ardnamurchan, Point o 

Areia Larga, Ponta da 

Arena, Point (California) ____ 

Arena, Punta (Ecuador) 

Arenas, Cayo 

Arenas, Punta (Chile) 28010 
Arenas, Punta de (Argentina)____ 27650 
Argentia 68 


Arguello, Point 
Arica 


Arrecife Santiaguillo__....._______ 13450 
Arroyo, Puerto 


INDEX 


Aru Bay (Sumatra) 
Aru, Pulau-pulau (Moluccas) - -_- 


Arus, Tandjung 
Arvoredo, Ilha do 


Asenvaggy 

Ash Sharigah 
Ashika Shima 
Ashizuri Zaki 
Ashrafi Is 

Asia, east coast 
Asia, south coast 
Askol’d, Ostrov 
Aspropounda, Akra 
Assab 


81000-84810 
69000-71570 


Atoiya Misaki 
Atol das Rocas 
Attu I 

Au Port, Port 
Au Prince, Port 
eens cw Zealand) 


Aux Basques, Port 
Aveiro 


Awaji Shima 
Axel Heiberg I___- 


Azzurro, Porto__ 
Baa Roadstead__ 


Baba Burnu 


Babbage I 
Babelthuap 
Babuyan I 
Bacalhao I 
Baccalieu I 
Baccaro Point 
Bacchalhao I 
Backofen 


Badjo, Pulau 
Badung, Selat 


Bagacay Point 
Bagan Datoh 
Bagatao I 
Bagot Bluff 
Bahia 


Bahia de Cadiz, Cayo 
Bahia de Guantanamo 
Bahia de Nipe 

Bahfa Félix 


Bahrayn, Al 
Bahrein Harbor 


Baia dos Tigres 
Baie-Comeau 

Baie de Diégo-Suarez 
Baie de Phan Rang 
Baie de Pointe Noire 
Baie Verte 


Bailique, Ilha 
Baineario Claromecé_ 
Baird, Cape 

Bajo, Pulau___ 


Baker I. (Maine) 

Baker I. (North Pacific Ocean)___ 94260 

10660 
40 

6 


Bakers I. (Massachusetts) 
Balabac I 

Balabalangan, Pulau 
Balache Point 


Balicasag I 
Baliguian I 
Balikpapan 
Baliscan I 

Ballenita, Punta____ 
Ballycotton I__ 


Baltasar I 

Baltimore (Ireland) 
Baltimore (Maryland) 
Baltiysk_: 

Bafta, Punta de la 
Bane de Rochelois 
Banco Chinchorro___ 
Banda, Pulau-pulau 
Bandar ‘Abbas 
Bandar Kassim 
Bandar, Tandjung 
Bandar-e Shahpir 
Bandholm 
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Barberyn 


Barbuda 

Barca, Ponta da 
Barcelona 

Bardsey I 
Barentsburg 
Barfleur, Pointe de 
Barhoft 


Barlavento, Ponta de 

Barletta 

Barnard Is., North- 

Barnegat Inlet 

BABINIS INGSS hace nee eS Sans = sasi= 5 f 
Barra Head (Hebrides) _--__------ 
Barra, Ponta da (Mozambique) -- 
Barranquilla 


Barrios, Puerto 

Barrow (Alaska) 

Barrow in Furness (England) -_-- 
Barry Docks 

Barsebick 


Barykova, Mys-__- 


Bashee Entrance 
Basrah, Al 
Bass Rock 


Bathurst (Gambia) 
Bathurst (New Brunswick) 
Bathurst, Cape (Northwest Ter- 
ritories) 
Bathurst I. 
tories) 
Bathurst Point (Australia) 
Bati Burnu 
Batjan, Pulau 
Batticaloa_------ Sine eh Apne a5 iaethept 
Battle Harbor 
Batu Berhanti-------- eta wats 
Batu Penyu 
Batu Tinagat 


Batz, tie de 
Bauld, Cape 


Bay Roberts 
Bay Verte 


Beagle Hill 

eslon Caples. <.)-s 8s oseec age 17670 
Béar, Cap (France) 52410 
Bear, Cape (Prince Edward I.)-- 

Bear I. (Cape Breton I.) __---_---- 

Bear I. (Svalbard) 
Beauduc, Pointe de 
MeattOlte ooo sep ot es = ae sere e 11960 
Beaumont 

Beaver I. (Nova Scotia) 

Beavertail Point (Rhode I.)-_---- 11050 
Bedout I 78400 


INDEX 


Belkina, My: 

Bell I. (erbodndiand) 
Bell Rock (Scotland) 
Bellavista, Capo 


Belle-Ile (France) 

Belle Isle (Newfoundland) 
Bellingham 

Bellsund 

Belmonte 

Belo, Monte-_- 

Belo Pulo 
Belosarayskaya Kosa 
Belyy, Ostrov 


Benar, Tandjung 
Bénat, C 
Bender Cassim 


Bengasi- --- 
Bengkalis 
Bengkulu 
Bengtskir-__-- 


Bengut, Cap 

Benkei Misaki 
Benngut, Cap 
Benten Jima_-_-_ 
ele Tuccio, Punta 


Berikat, Tandjung 
Bering i 
Bering Strait 
Beringa, Ostrov 
Berlengas, Ilhas----- ase anes fs 
Bermejo, Roque 
Bermud 
Bernoulli 
Berry Head (England) 
Berry Head (Nova Scotia) 
Berwick upon Tweed 
Besar, Pulau- 
Betty I 
Bexley, Cape 
Beyt Harbor 
Be Baie in sn. Ee ee 69920 


Bien Son, Ile de_- 
Big Diomede I 
Big I 

Bijol Is 


Billingsa, Vi ys 2 a Rc oe a 


Billiton 
Biloxi-_-------------------------- 12730 


Bimlipatam- 
Bintan, Pulau 
Binte de Corsen 
Bits Ras. 2223-6. See eel) alet bee 65160 
Bird, Cape (Antarctica) ---------- 96310 
Bird I. (Lesser Antilles) 23320 
Bird Is. (Republic of South 

Africa) 
Bird Rock (West Indies) --------- 21120 
Bishop Rock (England) 35110 
Bishop, South (Wales) 
Bismarck Archipelago (South Pa- 


cifie Ocean) 92200 


Bismarck, Kap (Greenland) 

Bizerte 

Bjargtangar 

Bjarnarey 

Bjorn 

Bigrn¢gya 

Bjuréklubb 

Blaavands Huk 

Black Head (Northern Ireland)_- 38570 

Black Head (Scotland) 

Black Point Bay 

Black Sea 

Blackkallen ------- 

Blackrock 

Blair, Port 

Blane, Cap (Mauritania) 

Blane, Cape (St. Pierre and Mi- 
queloniils: 2222-22 =e ee. 

Blanca Reef (Mexico) 

Blanco, Cabo (Argentina) 

Blanco, Cabo (Peru) 

Blanco, Cape (Oregon) 

Blanco de Casilda, Cayo 

Blanco de Tunas, Cayo 

Blanquia, Isla 

Blanquilla, Arrecife 

Blevec, Pointe 

Bliss I 

Blitvenica, Ostrvo 

Block I 

Bluefields 

Bint Harbor___- 

Blyth 

Boa Vista, Ilha da 

Boar I. (Newfoundland) - _- 

Boars Head (Nova Scotia) - -- 
obowasi I 

Boca de Dragon 

Boca Spelonk 


Boiucucanga, Tha 
Bojeador, Cape 
Bokel, Cay 


Bolinao, Cape 

Bol’shoy Fontan, Mys 

Bol’shoy Oleniy, Ostrov 
Bol’shoy Tyutyarsari, Ostrov ---- 
Bolvanskiy Nos_- 

Bom Abrigo, Ilha de 


Aya 
Bombom, Ihéu- 
Bon, Cap 

Bon Portage I 
Bona, Isla 


Bonita, Point 
Bono Misaki 
Bontekoe @ 
Booby I 
Boompjes I 

Boon L-_ 
Boothbay Harbor 
peothey, Cape 
Bors 


oo Bors, fle 
Borda, Cape- --- 


Borden, Port 
Borge Bay 
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Bornholm 

Borongan 

Borracho, Cayo 

Bossut, Cape 

Boston (Massachusetts) __- 


Botafoch, Isla 
Botwood 
Bouc, Port-de- 


Bougainville 
Bougaroun, Cap 
Bougie 


Bouvet¢ya 
Bovbjerg 


Bowling Green, Cape 
Bowman I 


Brava (Somalia) 

Brava, Ilha (Cape Verde Is.)___-_- 
Brava, Punta (Rio de Ja Plata) __ 
Brazil 

Brazos Santiago 

Breaker Point 


Bremerhaven (Germany) 
Bremerton (Washington) 
Bremsteinen 


Breton, Cayo 

Brett, Cape 

Breueh, Pulau 

Brevoort, Kap 

Brewster, Kap 

Bridgeport (Connecticut) 
Bridgetown (Lesser Antilles) 
Bridgewater (Nova Scotia) 
Brier I 

Brig Point 

Brigus Bay 

Brindisi 


Brook Is. (Australia) 
Brooks Point (Newfoundland) -_ 

78420 
Brother, North (Indonesia) ______ 72420 
Brother, South (Indonesia) 72410 
Brothers, The (Indonesia) __ 72500, 76110 
Brothers, The (New Zealand)-____ 80450 
Brothers, The (Red Sea) 
Brough of Birsay 
Brownsville 


Brulos, Cape_- 
Brumer Is___ 


Bruny, Cape_-_ 
Brusterort____- 


Bryan, Kap 


INDEX 


Bryusa, Mys 
Bryusterort, Mys-__--- 
Bucas Grande I 
Buchan Ness 

Buck I 

Budd Coast 

Buen Suceso, Cabo 
Buen Tiempo, Cabo-__- 
Buenaventura 
Buenavista, Cayo de_-- 
Buenos Aires 

Bugle Cays 


Bugui Point_ 
Buholmrasa__ 


Bilk 

Bull Head (Newfoundland) 
Bull Point (Bristol Channel) 
Bull, The (Ireland) 

Bullen Baai 


Bustard Head 
Busto, Cabo 
Busui Tan 


Buzzards Bay 
Byelosarai 


Caballeria, Cabo de 

Caballo I. (Philippine Is.)________ 89300 
Caballos, Punta (Honduras) 

Cabafias 

Cabecudas, Ponta das____ 

Cabedelom ee 2-222 sse eon 

Cabello, Puerto 

Cabeza de Perro, Isla_______- 

Cabeza Lagarto, Punta__ 

Cabezas, Puerto 

Cabilison I 
Cabinda 
Cabo (Cape). 


90020 
63400, 63420 
(See proper name.) 
— Cabo Blanco, Isla 
Cabot I 


Cagayan Anchorage (Mindanao)_ 90320 


Cagayan Sulu I. (Sulu Sea) 
Cagliari 

Caibarién 

Caicos, South 

Caiman Grande, Cayo 
Caio, Ilhéu de 

Caioba, Ilha 

Cairns 

Caissie Point 

Cajas de Muertos, Isla 
Cala Figuera, Cabo 
Cala Nans, Punta de. 
Cala Sabina, Punta 
Cala Scirocco, Punta 
Calabazas I 
Calaburras, Punta de 
Calais (France) 

Calais (Maine) 
Calandorang Bay 
Calantas Rock 


Calavite, Cape 

Calbayog 

Caleanhar, Cabo 

Calcutta 

Caldeira, Ponta (Mozambique) --- 
Caldera (Chile) 
Caldy I 


Caleta Carapachibey. 
Caleta, Punta (Cuba) 
Calheta, Ponta (Cape Verde Is.)_ 


Camara-Assu I_ 
Camarat, Cap 
Cambodia 


Cami, Cape 

Camiguin I 

Camotes Sea 

Camp Lloyd 

Campanella, Punta 5 

Campbell, Cape (New Zealand) __ 

Campbellton (New Brunswick) _- 

Campbeltown (Scotland) 

Campeche 

Campobello I 

Campos, Punta 

Canada 300-6970, 
8010 

Canada Bay 

Canakkale 

Canal, C.& D 11560, 11720 

Canal, Cape Cod 10760 

Canal, Chesapeake and Delaware. 11560 

Canal, Kiel 47010 

Canal, Panama 14740, 15070 

Canal, Suez 58810, 66260, 66270 

Canal Zone 14740, 15070 

Canary Is 

Canaveral, Cape 

Candelaria, Punta de la 

Candon 

Canet, Cabo 


Cani, Iles 
Canigao I_ 


Cano, Isla 
Caio, Isla del 
Canoan, Port 
Canoas, Punta 
Canso 
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Cantin, Cap 

Canton (China) 

Canton I. (South Pacific Ocean)_ 94240 
Cap (Cape). (See proper name.) 
~- Cap d’Alprech 

- Cap d’Ambre 

- Cap d’Antifer 

— Cap d’ Armes 

- Cap d’Espoir 

- Cap-Haitien 

Capao da Canoa 

Cape. (See proper name.) 

- Cape Breton I 

— Cape Cod Canal 

— Cape d’Or 

— Cape, East 

- Cape North (Cape Breton I.)__- 
— Cape North (Labrador) 

- Cape, North (New Zealand) -.-- 80780 
— Cape of Good Hope 

- Cape Verde Is 

Capel Rosso, Punta del 


Capitancillo I 

Capiz, Port 

Capo (Cape). (See proper name.) 
~ Capo d’Orlando 

- Capo d’Orso 

- Capo d’Otranto--_----- ees 5s 
Capones I 

Capraia, Isola 

Caprara, Isola (Italy) 

Caprara, Punta (Sardinia) 

Capri, Isola di 

Capricorn, Cape 

Capstan, Cape 

Capul I. (Philippine Is) 

Capul Tuzla (Rumania) -_------. 57210 


Carbon, Cap 
Carbonear I 


tic Bay 

Carena, Punta 

Caribbean Sea 

Caribou Point 

Caripito 

Carleton Centre (Quebec) 
Carleton Point (Anticosti I. )- pare 
Carlingford 

Carmanah 

Carmel, Mount 

Carmen, Islaideliei2 - 2232-2 
Carnarvon 


Carolina, North 

Carolina, South 12000 

Caroline I. (South Pacific Ocean). 93180 

Caroline Is. (North Pacific Ocean). 94900 

Carranza, Cabo 29700 

Carrousel I 

Cartagena (Colombia) 

Cartagena (Spain) 

Carteret, Cap de 

Carthage, Cap 

Cartwright 

Carfipano 

Carvoeiro, Cabo (Portugal) 

Carvoeiro do Algarve, Cabo (Por- 
tugal) 

Carysfort Reef 

Casablanca 

Casamance 


Cassie Point 
Cassim, Bender 


Castellon de la Plama---------- 
Castelo, Ponta do 

Castillo de Montjuich 
Chatham Is 


INDEX 


Castillo del Morro 


Castle I. (West Indies) 
Castle Point (New Zealand) 
Castle Point (Republic of South 


Catbalogan 
Catoche, Cabo 
Cauit Point 
Caves Point 
Cavite 
Cavoli, Isola dei 
Caxine, C 
Cay Bokel 
Cayenne 
Cayman Brac 
Cayman Is 
Cayo, Cayos (Cay, Cays). (See 
proper name.) 
- Cayo La Perla 
- Cayos Arcas 
- Cayos del Ese 


Cebu City 
Cedar Keys 
Cedros, Isla_- 


Celerain, Punta 
Celestun 
Centinela, Isla 


Cerro Cono 
Cerro Direecfon 


Ceylon 

Ch’a-mu Hsii-__-_----- 
Chacachacare 
Chacon, Cape------- 
Chafarinas, Islas 
Chagos Archipelago 


Champerico 
Champoton.. 


Chafiaral, Isla 
Chan-chiang 

Chandeleur Is 

Chandler 

Changgi Gap 

Channel Is. (British Isles) 
Channel Is. (California) 
Chio de Mangrade, Ponta do- --- 
Ch’ao-lien Tao 

Chaplina, Mys 

Chapman Reef 
Charambiré, Punta 


Charles Cave (Chesapeake Bay)- 
Charles I. (ifudson Strait) 
Charles, Point (Australia) 
Charleston (South Carolina) 


Charlestown (Massachusetts) - - --* 


Charlestown (West Indies) ------- 
Charlotte Amalie 

Charlottetown 

Charlton Depot 

Chassiron, Pointe de 

Chat, Cap 

Chatham (England) 

Chatham (Massachusetts) 
Chatham (New Brunswick) ----- 


Castillo de San Sebastian_-.--.--- ! 


Chauda, Mys 

Chaussée de Sein 

Chaussée des Pierres Noires 
Che-lang Chiao 

Chebucto Head 


j 

Che-lang Chiao 
Chelyuskin, Mys 
Chemulpo 
Ch’eng-shan Chiao 
Chepillo, Isla-..2-2.-.--. 
Cherbourg 
Cherchel 
Cheribon 
Chernyy, Mys 
Chernyy Nos, Mys 

Zemlya) 
Chiveapenie and Delaware Canal_ 11560 
Chesapeake Bay 11700 
Chesapeake City 
Chester (Nova Scotia) -.---- 
Chester (Pennsylvania) _- 
Chesterfield Inlet 
Cheticamp I 
Chi-lung Chiang 
Chiappa, Pointe de 
Chicago, Port 
oo Shima 


(Novaya 


Chik: Nok; Ko....:-~- 
Chikyi Misaki 
Ch’ilbal To 


Chiloe, Isla.....-<--=. 
Chi-lung Chiang 
Chimatao Promontory 
Chimbote 


Ch’in-huang-tao---- 

Chin-men Tao 

Ch’in-shan Tao 83! 
China__-- 81600, 81800, 82200, 82400, 82800 
Chincha, Islas de 30090 
@hindae 2. 

Ch’ing-tao 

Ch’in-huang-tao--_- 

Chiniak, Cape 

Chin-men Tao 

Chinnamp’o 

Ch’in-shan Tao 


Chickens 
Chirai Misaki 
Chisik I 
Chisimaio 
Chittagong 
Choiseul 


Ch’ dngjin 

Chop, West 

Chdshi 

Christianshaab 

Christians -_-- 

Christmas I. (Indian Ocean) 
Christmas I. (Pacifie Ocean) 
Chu Chou. 


Chuk To 

Chukpyon Man 

hWMDEL.- > -ss_cs o> sce = == ose 64720 
Churchill 4910 


Cidreira 

Gientucvos... << s==<2=2=s=sehse= 21630 
Cies, Islas 

Cima, Ilhéu de 

Cireeo, Monte 

Citadel I 
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Cleveland, Cape (Australia) 
Cleveland Ledge (Massachusetts) 10910 
Cliffy I 7 773. 
Clipperton, Ile 

Clyde, Firth of (Scotland) -_ 

Clyde, River (Canada) 

Clyth Ness 

Coast Castle, Cape 

Coats I 

Coatzacoalcos_ 

Cobh 


Cocanada 
Cochin 


Cochons, He aux 
Cockburn, Cape 

Coco, Isla del 

Cocos I. (Pacific Ocean) 
Cocos Is. (Indian Ocean) 
Cod, C 

Codolar, Punta 

Coffn I 

Coffs Harbour_- 
Cogune, Ponta_- 
Cohorn, Isla. 

Colbeck, Cape 
Colchas, Morro 

Coldspring Head 

Coles, Punta 

Colline Verte____ 

Collins Point 

Colombia, north coast 

Colombia, west coast 

Colombo 

Colon (Panama) 

een, eee de (Pacific 


Colonne, Capo 55051 
Colorada Point (Philippine Is.)__ 89840 
Colorados, Punta (Cuba) 

Columbia River 

Columbine, Cape 

Columbretes, Islas 

Comeau, Baie- 

Comino, Capo 

Comodoro Rivadavia 

Comores, Archipel des 

Comorin, Cape 

Comprida, Ponta 

Conakry 

Concarneau 

Conception, Point 

Conchas, Ponta das 

Cone H 

Conejera, Isla 

Coney Islet 

Conger, Fort 


Congo R 
Connecticut 


Contramaestre, Isla 
Cook, Cape (British Columbia) 
Cook Is. (Pacific Ocean) 
Cooper Key, Cabo 
Coos Bay 

Copinsay 

Coppermine 

Coquet I. (Australia) 
Coquet I. (British Isles) 
Coquimbo 

Copenhagen 

Coral Harbor 


INDEX 


Cormorant Rocks 
Corny Point 
Corona, Punta 
Coronados, Islas Los 


Corpus Christi 

Corral 

Corregidor I 

Correnti, Isola delle 

Corrientes, Cabo (Cuba) 

Corrientes, Cabo (Mexico)___-._- 15810 
Corrubedo, Cabo 

Corse, Cap 

Corsen, Binte de 

Corsewall Point 


Cortés, Puerto 
Corumbau, Ponta 
Corvo, Ilha do 
Costa Rica 
Cotabato 


Coubre, Pointe de la ne 
@ouedie, Capes2----!22-:-- = -- 77830 
Country I 

Couronne, Cap 

Courtown Cays 

Covesea Skerries_______.._-_-_--- 36500 
Cow Head Harbor 

Cox’s Bazar 

Cozumel, Isla de 

Craig Harbor 

Cranberry Is___ 


Cretin, Cape__-_ 
Creus, Cabo-__-- 
Cristobal______- 
Crna, Rt 
Cromarty 


Crooked I. (West Indies) 
Crooked Reach (Chile) 
Crooked River (Florida) 
Cross I 


Crozet, Les 

Cruz, Cabo 

Cruz del Padre, Cayo 
Cruz Grande 


Culebra, Isla de 

Culion I 

Cullera, Cabo 

Cumplida, Punta 

Curacao 

Curaumilla, Punta 

Curioso, Cabo 

Currentes, Cabo das_____________ 64360 
Currie Harbor 


Cuttyhunk I 
Cuvier I 


Daedalus Reef 
Dagerort 


Daini Kaiho 
Dai6 Zaki 


Dairoruko To 
Daisan Kaiho 
Daiwa To 


Dalatangi 
Dalhousie 
Daliao 


Damar-besar, Pulau 
Dame-Marie, Cap 
Damgaard 

Damietta Mouth 

Da N 

Danger Point 

Dangerous Cape (Alaska) 
Dangerous Reef (Australia) 


Dardanelles____-------- 
Dar es Salaam 
Darnley, Cape 
Darsser Ort 
Dart, Cape 
Dartmouth 
Dartuch, Cabo 
Darwin 
Dasseneiland 
Datu, Tanjong 
Daugaveriva 
Dauphin, Fort 


Deal I 

Debundga Point 
Debundscha Point 
Deception I 
Decision, Cape 


De-Kastri 

del Ese, Cayos 

Delaware 

Delaware Bay 

Delfzijl 

Delgada, Ponta (Azores) 

Delgada, Punta (Argentina) 

Delgada, Punta (Canary Is.)____- 

Delgada, Punta (Chile)__________ 27940 

Delgado, Cabo (Mozambique) ___ 64550 

Delimara, Ponta ta 59210 
i 51340 

96440 

44800 


Denison 
Denmark 
Dennis I. (Indian Ocean) 
Dennis Ness (Scotland) 
Dent I 


Cape 


Destruction I 

Devgarh 

Devils I. (Nova Scotia) 
Devils Point (West Indies) 


Devonport 
Dewakang-lompo, Pulau 
Dezhneva, Mys 


Diamant Punt (Sumatra) 

Diamond Head (Hawaiian Is.)___ 20620 
Diamond I. (Burma) 

Diamond Point (Sumatra) 

Diana, Cayo | 
Diavolo, Punta del 
Diaz Point 
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Dickson, Port 

Didicas Rocks 8902! 

sea Garcia (Chagos Archipel- 
67530 


Diégo- Suarez (Madagascar) 
Diégo-Suarez, Baie de 
Dieppe 


Dikson, Ostrov 
Dili 


ingw 
Dincue: Pointe de 
Direction I 
Disappointment, Cape (USSR)-_- 84030 
oe Cape (Washing- 

on. 
Discovery East Bank (Indonesia) _ nee 
ee Harbor (Canada) 4160 


Dodding Head 
Dodecanese 


. Domuz Burnu 


Don, Cape 

Dofia Maria, Punta 
Doncella, Punta de la 
Dondra Head 


4 
Donington, Cape 
Donsol 
Dorchester, Cape 
Dordrecht 


Douarnenez 

Double I. (Burma) 

Double I. (Labrador) 
Double I. Point (Australia) 
Douglas (British Isles) 
Douglas, Port (Australia) 


Doukaton, Akra 


Dragon Point (Greenland) 
Dragonera, Isla (Balearic Is.)____- 52010 
Dragons Mouth (Trinidad) --.--. 25430 


INDEX 


Dukato, Cape 
Duke Ernst Bay 


Dumali Point_- 
Dumanjug 
Dunagree Point 


Dungeness (England) 
Dungeness, Punta (Chile) 
Dunkerque 

Dunnet Head __-_- 

Duong Dong 


Durian, Selat 

Durnford Point 
South Africa) 

Durnford, Punta (Spanisn Sa- 


(Republic of 
642 


Dyrholaey ------- 


Dzaoudzi, Llot 
Dzharylgach, Mys 


Eagle Nest Point__ 
East Amatuli I___- 
East Base 

East Cape 

East Chugach I_-- 
East Foreland 
East Indies (Indonesia) - -_- ah 
East Ironbound I 
East London_- 
East Point 

East St. John’s I. 
East Snake Cay--- 
East Vernon I 


Eboshi Jima 
Echizen Misaki 
Eckernforde 


da 
Eddy Point (Nova Scotia) 
Eddystone Point (Tasmania) ---- 79400 
Eddystone Rocks (England) 35280 
Eden 7 
Edgecumbe, Cape 
Edinburgh 


Egadi, Isole 
Egdeholm__ 
Egedesminde 


roy 
a: i Y (British Columbia) 
Egg I. (Nova Scotia) 
Eggegrund 
Eggeldysa 
Egmond aan Zee 
Egmont, Cape (New Zealand) - 
Egmont, Cape (Prince Edward I.) 8240 
Egmont Key (Florida) 12430 
Egypt__.- 58800, 66210, 66220, 66260, 66270 
Egypt Point 35430 
Fierland 
Kil Marina 


El Rincon 
E] Salvador 


Elbow Cay 
Elephants Back 
Eleuthera Point 


Elie Ness 

Elizabeth, Cape (Maine) 

Elizabeth I. (South Pacific Ocean) 92810 

Elizabeth, Port (Republic of 
South Africa) - 640 

Elkjzrbakke 

Ellef Ringnes I 

Ellenbogen 

Ellesmere I 


Ellingrasa 
Elrington, Point 
Elsehoved 


Emine, Nos 
Emineh, Cape 
Empedocle, Porto 


Enderbury I 

Engafio, Cabo (Dominican Re- 
public) 

Engafio, Cape (Philippine Is) 


g 
Englefield, Cape 
English Reach 
Eniwetok 
Enmedio, Arrecife de 
Enragé, Cape 
Ensenada 
Ensenada de Tamerabel-- 
Ensenada Honda 


Ercole, Port’ 
Erimo Saki 
Esan te 


Esbje 

Macsivade, Ilha 
Escape I 

Escarceo Point 
Escombrera, Isleta de 
Escuminac, Point 


Eshelby I 

Eskimones 

Esmeraldas 

Espenberg, Cape 

Esperance 

Espichel, Cabo de 
Espiguette, Pointe de |’ 
Espiritu Santo 

Espoir, Cap d’ 

Esquimalt 

Est, Cap (Madagascar) 

Est, Ile del’ (Tes Crozet) 
Estaca de Bares, Punta de la 
Este, Punta del (Rio de la Plata) __ 
Estevan Point 

Estonia 

Estrecho de Le Maire 


Eten, Puerto 
Ethiopia 
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Index 
No. 
Etienne, Porte. .-...2<-see2seee 
BinaBank___.-..-- 
MtOroLu, hOsce ees == 


Eupatoria Point_------- 
Eureka (California) 


Hort! Conger. 22 2- a2 Ses ee 
Hort Dauphin... --. 22.5 = 
Bort-de-Hrance- ==" 225" 2 
Fort No. 2 (Téky6 Bay) 
Fort No. 3 (Téky6 Bay) 
HORE SEROSS 525 > 2s nee ee eee 
BOGtale ga tens te re ee 
WORtG Bugiol=-2--22- "eee a 


APPENDIX S 
INDEX 
Index 
No. 
Mer, ‘Cap de.. 2. 42-2. sae 59550 
Hermin® Point -2--- 52. aes 16190 
Fernando de Noronha, Arquipél- 

A090 GOs oe ee ee) ae 26000 
Hermando P60..--.--2--2-25 62800, 62900 
Ferolle, Point.c..._--.-- 2222 = 7390 
Herraione, Capo... -2.ses: 2224-4 53460 
Herraris.weonte, dasse..-- 2-2. sae= 31710 
Ferrat, Cap (France, south coast)_ 52750 


Eureka (Northwest Territories)... 4120 
Europa Point (Gibraltar) __-_---- 51020 
Europa, Punta (Fernando P6o)-_- 62910 
Europe, south coast -------- 51000-56710 
Europe, west coast _-------- 40000-50320 
Evangelistas, Groupo------------ 29200 
Everard, Cape..-------2-<-s2-<s5 77340 
Everett. ......-- - 17400 
Everglades, Port----- - 12300 
Ewab, Pulau-pulau__ 75010 
Execution Rocks..._..----------- 11370 
Eyemouth__-_------ 36210 
Eyrarbakki-_--___--- 1730 
AVStuTOV >... o<<-e= 2200 
(PAADOlS 3..c caecnacs sce 5esee-=— 5S 45820 
HONG ss och peas caantas oaaeeee 46230 
Werder: <2 Jausic bcs assess eee 41170 
Meeringehavine. assess se: betes 1280 
Waerde [sie aes. eae sss eee 2000 
ahay bile seosseee= 69340 
Faial, Ilha do------ 31300 
Hatrilsle: 222. ---2e" 36820 
Fairway, Isla____--- 29180 
Makaofo.._2 ---.<--- 94110 
Fakarava_-_-------- 93340 
Wak(akoe 2 2ccesane 92180 
Falcon, Cap__-..--- 59780 
Falkenberg_-------- 41450 
Falkland Is---_----- 34000 
Halkner T_--.7--22-- 11330 
Fall River___.---- 10930 
Falmouth.__._____ 35240 
Falsa, Isla (Chile) _- 29230 
False Point (India) - . 70560 
Halshoft.. 2-oeeeeeetee 3 44780 


Falso, Cabo (Honduras) -_- 14460 
Falso, Cabo (Mexico) ---_-- 15960 
Falster (Denmark) ______- 45100 
Falsterbo (Sweden) _-___-_- 41580 
aly siNosivee=s 2eei~. 2 = 68760 
Mamagusta--22-2-5--5-45 58570 
Hamer oimtse- sess ee se 7730 
Fanad Head_____------ 38740 
anar Burs —_ 22 2s2— 57780 
Hanjove E222 25. _-_-=-- 22. 64620 
Hanning plessete snes aes = 93080 
Fang (ibelimse ee 46620 
Hano. (Greece) =-—- 55910 
Fantasque, Pointe._.._.....____- 22290 
Farallon I., Southeast (California) 16810 
Farallén Sucio (Panama) ese 14760 
Manama Nis: season eee 52500 
Farewell, Cape (Greenland)..._._. 1400 


Farewell, Cape (New Zealand). 80400 
Harilhéo:Grande____-) ee 


mand: (Sweden)__._--- / sh. 2a) 
Faro, Capo (Isole Eolie) 
Faro, Capo del (Italy)... 
Faro, Isla del (Spain)_..__- 

Haroi@tierand ie... o eee ee 
HAnOuRecalada.2a5. nee ee ene 


Faro Segunda Barranca__-_------_- 
HGROSUN Jas occ eee eee 


Ranvel, (Kap.2. 2252 eae see eee eee 

Bassa; -Akra_ tet ch akeeee pies 

‘Eastnet#Rocki 223. -e2eeee pae 

Hather Points _gsse. ee 

Havignanas Isola._-)-222)_) saeee 54430 
axe Havin. -=eee oe ees a oe 45320 
Bavallil 2.322) 45s 3 hee ee 31300 
Fear, Cancel et an eee 11970 
Fécamp PRC: Sey ek eee 8 pepe 47840 
Hehimarnesoecae Seeks ere Selene 44600 
Moistein: 2322 222s ee ee 40970 
MenertA dasie 122 5--5-5see5 ae 57820 
ener Burn... eee ee. aol aes eee 58450 
ener Burunaes=- =e. oen eee 57780 
emwiek Wake 320 a 11610 
HeOdOsivas— =< ee hs eee ere 57460 


Ferret, Cap (France, west coast)_ 49210 


Ferro, "Capo ee eee! 5 
Ferryland Head 

Fidonisi I_- 

10) (0 bg: eee ee ee oe aoe, Se 

Fienaio, Punta del 

i ame Puntet-: =<... Seer 
Filipsbure eh ED ee 

Bilsand | fss22 22... 453. eee ee 
Fingal, Head). 2325. eee Se 
Pinisterre; '©abo...2-.. foeeee aoe 49770 
Pinta nd seen cecet - cctenete 4 -- 42600 
IDINMV8eR- 22 sooo. eee ea ee 40620 
AITO WSaeeee 2 oo ee cee ee -- 11230 
Mirst; Point2ss_3.. 2. = 232. 2— ee oe 73510 
iinth of Clydes-25.--. n2 eee 37200 
inthof Rorth2-2- 2-225 eaee ee 36300 
Mishguard)... ==... s2s-2- 2 42ers 37790 
Miskensosset_.- -..-- ===... =e 1290 
Eitzroycl ze 22 3=. 28. ee 78730 
Hinimicino we 2=s¢2 22 = =e = eee 53850 
Riakfott-220 22222 e 2 eee 45400 
Flamborough Head -------------- 35900 
ilamenco ees = ses = sees eee 15060 
Hannan] sles’ *ss2 oan seers 37040 
Flat Cape (Sumatra) --_--------_- 73040 
Flat Holm (British Isles) ---_-____ 37980 


Plate CAlacks) +2550. see useea 
Flat I. (Mauritius) _ 
Hiat 1>(Quebec) 2225. —- 
Flat Point (Cape Breton I.)-- 


EP lat-topyha- sess = se =25 ee 78840 
pila teywste geste cee: Sony SO 1880 
Blattery, Capes sseeess = oeen nes 17180 
Mensburg2s: =: i=:2 <4. Pe See 44790 
Fléves______- 

Flinders I 

Flint I. (Cape Breton I.)__-__--__ 8700 
Flint I. (South Pacific Ocean)_-__ 93170 
Flores (Indonesia) ---...-----_---- 74500 
Flores, Ilha das (Azores) -__-_-_-- 31200 
Flores, Isla de (Rio de la Plata)__ 27040 
Blorianopolis: ©2-2--2-22-=-22 4 26710 
Florida (Solomon Is.)___.-_----_- 92480 
Bilorida (US Aas: 22s eee ee 12200 
PloriponwPoimtiess- 2) ss. eee 89880 
Flowers I 

iggeses: ses 

hashing 22428: =s242 3-42-22 ae 
Flying Fish Cove 

Moca; Islasceeee es rs Sie ee 30230 
Roggy Capos 2" 2. iat oe 18630 
Fogo (Newfoundland)____.________ 6480 


Fogo, Ilha do (Cape Verde Is.)___ 33800 


Folégandros Ssccecneeeeeet eee 56350 
Rontana, Capes cs s2s-=222s ee 57310 
RlodchOWsrsss sok. 2a 2-.00-5. Saee 82860 
Bova, Dh 6udesse--=222s-42--088 32200 
Forcados bin 2dbtsseegerssssseseee 62630 
Mord Harbor ss222==se sae sane ae 6040 
Foreland Bluff (Angola)___----___ 63630 
Foreland, East (Alaska)-_-________ 18490 
Foreland, North (England) ______ 35580 
Foreland, Northeast (Greenland). 1590 


Foreland Point (Bristol Channel)-_ 37990 


Foreland, South (England)___.___ 35570 
Forestier, Cape-s22 2222-5. ees 79390 
Hormentara ss: ssiss tl tis meee 51800 
Formentor, Cabo de____.________- 52150 
Formigas, [liiGus. aris Mee dale 31900 
Formosas*-ssccctee cee eee 82500 
Formosa, Cape (Nigeria) -_______- 62640 
NOMS ete 2 ee. soon 46390 
HorbeCannings) 2222.08) 2 ae 71530 
Hort Chim s2. 22 = oe oe 5060 


iHorte la ROcthess. +. so se—- == 

orth, Firth of-. 222-22 
Fortune Harbor (Newfoundland)-_ 
Fortune I. (Philippine Is.)_-----_- 
oul Point sete sass eee 
Houlwind: ‘Capes 2-22 == 
Hour EhunimocKks*------- == 
Mourchu, Capel. ee 
OUrCrOY, Capes=n 22 2-=- 
HOUT tH Oli Sees see nes ae eee 
Howey (Pneland) = 3) oe see ee 
Fowey Rocks (Florida) ___-_-__-- 
Fox, Cape (Newfoundland) 
Fox I. (Newfoundland) ------ 
Fox Point (Newfoundland) 
ag yiesvees {29st s= sss eee 
ragoso. CayoOe sess se sees 
Frailes del Sur 


Hrance; Hort-de=2-2-- 02 sees ee 
Francés, Cabo (Cuba)----.-----_- 
Frances, Cayo (Cuba) -_--.--_-__- 
Francéz, Ilha do (Brazil) 
Frankeklint ea ee apse apm ae 


Franz,Josef Land__-_.=- 2 ae 
iBrazer Islet 2s 2 22 se s=s25 ee 
Fredericia (Denmark) _-____--___- 
Frederiksdal (Greenland) ______-_- 


89310 


Frederikshaab (Greenland)-_.---__ 1310 
Frederikshavn (Denmark) -______- 46470 
Frederiksted (Virgin Is.)_________ 22940 
Fredrikstad (Norway) ----------_- 41240 


rectowmns 25: 22.5 5252s eee 
Fréhel, Cap___ 

Fremantle 

French Frigate Shoals___-_-_----- 20840 
French ‘Guiana... -2. 2. eee as 25700 
French Somaliland.____ —_-_--_-- ee 


Frenchman Head: so. 292525) =8 
Eriedrichsort=2.=-.—22-- === 

Frigate Shoals, French 
riot Cabos. ¢22-22 2 eset e eee 
Frobisher Bay... --ese+ =e 
Wrontera.-<.s- 22 2 ee ee 


IMPUSP aS eo. See a 


Fu-kuei Chiao_ 
Fuencaliente, Punta de__________ 
Muerte, Isla... 2222 eee ee 
Fuertey entura, Islas. 2 ee 
Puglebuken:. 5. .2soss+- 25 2 ee 
Fugl¢ykalven_ 
Fugu Saki______. 


Fulehuk 


Funkenhagen_- 
Furukamappu 
Futagami Shima_____--..--_____- 
Futaoi Jima 


Gadden <4 scckes Acces cen. ee 


32420 
25010 
32800 


(CPE NSHN c eee ee ae 
Galapagos Is_____._ 
Galata, Nos___--__ 


Galera Point (Trinidad) 
Galera, Punta (Chile)_____ 
Galera, Punta (Ecuador) __ 
Galera, Punta (Mexico)___.----_- 
Galets, Pointe des 


Galina Point___ 
Galiola, Hrid___ 
NR UOURs eae eee en 
Gallantry Head 
(CIE eae tler tee tae geree ea a 
Gallegos, Rio__- 
Galleyctieadsee 

Giallipoli((ltaly) os. . ee 
Gallipoli (Turkey) 
Gallo, Capo (Italy) 


Game Gkagen tn eae. oe 
Gamoda/JMisakd.— 21 2 sai 


Gannet Rock 
Gantheaume Point 


Gap Rock_- 
Soiren or ONta dans 2-29 Aa sae 
MINTO GO Aneto) eet ree 
Brariuskaoiee Wee) een LT 3 
Gardner I. (South Pacific Ocean). 94220 
Gardner Pinnacles (Hawaiian Is.) 20850 
(Sper ES] OS, Agi 5 BN ee rae ree rt foe 7120 
RR SHI aerate eee See BAe | 89720 
Gaspar, Selat-selat____._______._. 73200 
Le, "yee ype El Seg 12420 


Gas 
Gata, Cabo de (Spain) __ 


Gata, Cape (Cyprus)___-_________ 58540 
Gapconrbe ‘Head - 2 78900 
(EMDYW UN Of 5 0 Vo Po 01: ped i as gt 29660 
icavaz7i yy Pumntat oe ee 2 54320 
Giaydhios =. Senn = ae BRE 58230 
GET ee ops ce Sipe eis soe Sem mag 2 42210 
BUNT ST eet eye has 5 ieee ye 44020 
(GAO DE NED peas = Lek en le Pe tar pana Rap 44040 
Gedser (O10 (6 (pens Saeed see Sa elie 45130 
(Ses Gar he hase ee 28 See nee 77530 
RCo) et ee ee eee Se cere rane al 40830 
Cipi noe Ollaeran eee nce a sacs gen ae 40950 
Geka, Mys- 84600 
Selg coe. 54840 
Gelibolu__ 56940 
Genkal Jima. scl). 86750 
CIOL Beei ee sooo ace 2 os 53370 
MCMO Vutec ccs ssc sace cscs eee 53370 
SROUSHIGRO (oe sna set ose saee rede 83730 
COM brands eens ~~~ -s-- non 47620 
Gentil Olten ens se ete. ewe 63330 
George, Cape (Nova Scotia) _-___- 8470 
George V Coast (Antarctica) .____ 96440 
Georgetown (British Guiana)____ 25510 
Georgetown (Prince Edward I.)__ 8330 
eorria: CUS Ajisss se * 5k ee ee 12100 
Georgia I., South (South Atlantic 
COLE ey \ Carey. See wine ees Sten ae 4100 
Geraldtontcaant.- fiSacp2--ptes 78260 
Germany, Baltic Sea__-_._._-_-._ 44100 
Germany, North Sea ___..---_-.- 


Gerong, Sungai 
Gerrild 


Gur SD aeectxnccancceccesnsas 
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Wotiesling ene. <a cae ac 
CHioa Havens 22.2.2 ce Sees 3610 
MAO UTS. oe one Se eet 2 as 1840 
Glace Bay see cee succes 8690 
Giadstomes -..2-<senea5 . 78910 
Glamorganshire Rock _- _ 71370 
COVES Ve) C1 Saige pan gine? a 9 40330 
GlaréntZa, Cane... 2 25. denne 56120 
Gia RO Ws eee ee ae 37220 
MONODOUE DR ceeee ooo eS ee 77900 
lou Cesterweeer 2-334 a cee 10650 
(Ch a eee eee eee 9890 
Gea, Ilha de (Mozambique) -______ 64490 
Gobermadora, Punta 
Godhaynes--2-2-_+.-.- 
Godley Head_-_-.--..-- 

OUD Ven Sees. ---=— 
Codrev.y Uees=2-------.- 
Gedtieah: toes 
Gon Ciaiead: (See proper name.) 

PIO WR eo cse. cok, aoe poe 
GOMBTO Poss. cu en ss en ana tea aoe 
ere Tehuantepec 
Gombé yPointet 22522 oa see 
Gomera. Boe SS a 
Gonave, Me de lal__—- 22 2- 
GOnzal0, \MIOITO >on een aes ae 29420 


Good Hope, Cape (China) _ _.---- 82440 
Good Hope, Cape of (Union of 


MOMPMEA TCA) ee ee ane eee 63980 
(ROOdIS It (oc se nes ce ees asa eenee 78550 
Goose Bay Narrows (Labrador)_- 6100 
Goose I. (Tasmania) 79010 
Gopalpur=se-seeee= = 70540 
Gopnath Pont. o-2 ase .s- 5 ne 69710 
Gorda Point (Philippine Is.)____- 89760 


Gorda, Punta (Nicaragua)__-_---_ 14520 
Gorgona, Isla (Colombia) __------ 30520 
Gorgona, Isola di (Italy). ..----.- 53450 
Gorgonilla I. (Colombia) __-..--_- 30520 
Gorling Bluff 
Gorontalo 
Goteborg-- 
Gounnd cack -e acer 


PRON Oe: can cee cass nasexaneaan 
Gracias 4 Dios, Cabo 
@ignlosazecst. === ote en cae 

Granant Elarbor erase ses en = 


GAT Bike ates ep on aes 
Grand Bassa Point (Liberia) ---- 
Grand-Bassam (Ivory Coast). --. 62350 
@randi@pyman@esnchciast te = 
Grand Entry Harbor 
Grand-Lahou- --------- 

rand ie ]ON eee ee ee oe 
Grand Manan I__-----.---------- 
Grand Ribaud, Ie--------------- 
Grand Rouveau, Ile du---------- 
Grand Terre 
Grand Turk 
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Index 
No. 

Grande Bourg... ies Bae 23310 
Grande de MoanCayorse =e 21230 
Grande Ile Chasey. eee 48110 
Grande, Ilha (Brazil)____._______ 26490 
Grande, Isla (Panama)___________ 14770 
Grande, Ponta (Brazil) _____ 26730 
Grande, Porto. 222222:-2-22: 33220 
Grande) Riou 4222525224 26800 
Granitola, Capo____--._____- 54800 
Grankubben 42060 
Grant, Pointz----_-- 22a 77390 
Grantley Harbor_-__-____---_- 19700 
Granville: eee 48130 
Gra velines: 92-22+2522-+-- eS 47720 
Graves: Thee-o-seese eo SE 30 10690 
Grays: Harbor:----ss5 5222-2 17140 
Great: Abacos 22222. Se 21040 
Great Basses Reef__---_--- 70170 
Great, Bras d’Or.37 28 2s 2 8660 
Great Britain2--)22 222. 35000-37400, 

37600-38160 
Great Fish Bay (Angola) _._______ 63750 
Great Fish Point (Republic of 

MO UUhPAtriCd) =a. aaa Seen 6411 

Great Harbor Deep 
Great Inaguat = 22. 
Greatirsadce 200-5222 
Great Ormes Head_--- 
Great Sitkin I 2s 
Great Stirrup Cay ---- 
Greben’s IMiyss.2 2a 
Grecale, Capo__- ----- 
Greco, Cape-.<=22=<-=2: 
Giieecees +28 e=s2ssse>2-45 res 
Green Cape (Australia) ____------ 77320 
Greenk (Burma)2s-.-...--294_9 70920 
Green I. (Cape Breton I.)-------- — 
Green I. (Hong Kong) --_-------- 


310 
Green I. (Newfoundinndy 2. 6020, 3070 


Green Point (Republic of South 
Africa) 63960, 64190 


Greenland 2. 2... eed 1000 
Greently: Lon 3 sec soos a 7410 
(Green Chee eset ee 37230 
neen With 2 sos =. == 2S eee 35620 
Grelfswalder Ole. .-...---=.-- 23 44220 
renea_.--- == Rit tae ee 46380 
Gronadam! 2 o. 2 -2e ee 23800 
Grenadines; The. 2-2. -- ses 23710 
Gnessdyere = 2282 he 2 2s a 40770 
Greymouth =~ 2222-2 e- = =< ee 80360 
Grey to Wi ..22- 3 - = cos eee 14560 
(Chit) eer reer te See 77640 
Grillo Vans 222 2.2. oe SEE 15770 
(ond sys Sees cee ee = ee 35810 
prndsione ) ee eee 9720 
Gil so tiee- eee cee as ee 40690 
Gris- Nez, OOD... asctcs nha 47740 
Groix, ete--s soe ee 48540 
GTONSKAl ec open woos swsos saa ee 42110 
Grootekaap. 2-5-2 47380 
Gros di Raz. s2-<-s-5 eae se SES 48080 
Onoss: Horst 2. seca ented 44190 
Grosso; Capo: 2-2 54410 
Groupo Evangelistas-_------------ 29200 
Grimesa, Puntasc ese eee 29940 
Grujica, Ostryol _-2ea2e=t ees 55550 
Grupo de Palominos- - ----------- 30100 
(Coqt) a a eee 55700 
Gry tbVio ne eee ee 
Grytviken Harbor 

Giusdaltanal: 12... seacet eee 
Ginddeloupe.. ~~ <useoccun- ees 
Guato, Isla. ste 22 
(Chitin (i ee ens ae Saeed Bene Seen ee 
Guafiape-_---- Se ween eee eee 
Guane del Este, Cayo 

Ghinmicds s.r inte sateeeeee eee 
Girantae eeeeeeet ect ee eee eee. 


Guardatui; Capo_-------=.-22+222 
Guardia, Punta della------------- 
Guatemala, east coast 
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Index Index Index 
No. No. No. 

Guatemala, west coast _-__-------- 15600 | Hanamanioa, Cape_-_---------.-- iMerrerds Punta. -22 ee 
Guayaquil... e929. = Hanapepe Bay wergivseeeeeee eee Herschel I__-_----- 
Guayimdss------- Hanasaki Hessel dessa =n = Se 
Guecet; Point. — . 25. --08¢ of = Haneda Su Hestehoveds-ce-- = +22 ee ee 
Guernsey - -------- in eee See oe Hango Hestskeer 2) tage ht AE 
Guiana, British Hanko--_- Heugh, The---_- 
CONDE EW en ean gyal At oar Ber Des _ 62000 | Han-k’ou-_- Héve, Cap de la__- 
Guimaras lee) stesee ete ad 90940 | Hannah I Hevwand: b0int=s-  =e  e 
Gunes, — ee ee 2» eet eye) 62000 | Hannibal Is Ei puson hee.) See 
Guinea, Portuguese__-_----_____- 61900 | Hand. Hicacal; Oayor Sul Sark 
Guinea, Spanish 62800 | Hanoi Hierro -suein. 2 SE 
Gulonlitens.: pete ace ae 8730 | Hanstholm High amockeb=£etssss set eeeee 
CT at ae 25230 | Happisburgh-___--_------- HiphrPeak-] ity ew SS 
Guldholmen...._.2..22 41910'| iar’ Hakarmel-_-~—.------____2=- Eich fieldweoint =o = seen 
Guitiot Adente< 2. 65100)|*Haradsktr. 2-2-2 tee Eigueri ©2008 ha--2=— == een 
Gull portese-cesclayn.. saree Ee 12750) |' Harbor Grace... -------=2-22 2 Eiilal Ras eleace ee 
Gull Cove (New Brunswick) -__-- 9920 | Harbor of Refuge.-_-.---------_-- Hillsboro Inlet===— 
Gull I. (Newfoundland).________- Harburg-Wilhelmsburg ELLOS ees eee 
Gull I. (Nova Scotia) __--___._-_- lai ieee pheno ree a oe inlets dee ee 
Gull Rock (Newfoundland) Harmaja Hinako, Pulau-pulau_ 
(Gin, Gave cro. ee een ee Harmony Point Hinehinbrook, Capess_2.--*2-2== 
Gurnet Point Hémoklubb=_---=-------- Hino Misaki (Honshi, south 
Gustayless sce se eae aI Osand 222 Ase eee Coast) secs Se See 85800 
Gutzlaff I Haro, Cabo Hinomisaki (Honshi, north 
Giivon tee meen eee Marrigan;(Oapersce.- a= -- = ee COASb) nee 86860 
Guysborough Harrison Point (Lesser Antilles)-- 23610 | Hinzir Burun______-___------__-- 58470 
Gwidar. ss: ° 22 aS Harrison, Port (Canada) Hirashima (Goto Rettd)_--_-__-- 86510 
aero, char eee es Faee ti 8 SOR & eee ee eee Tee te eee Hiroshima (Naikai)-__------------ 85970 

AUR eras re, ap eae aat een Monge plan artlepOo)lte a east at eae ee eee Hirsholm 
Nae ee ee eee Sees om Ee EOE Hirtshals- 

abae ‘0 astie, Pointe_- 
Habana----_- Wigs vikeseess Hheg? He 
Habibas, fles Hatteras, Cape_-_---_.-_- ejcinieeen a> as ee 
Habu Ko... laug esi Sees eae ee Hobart eee 
Hachijé she Haugijegla_.---__--_-------__-___- Hoborg_____ 
WaftumRas_-- 20. aseecaee Haulbowline Rock-__________ Hoek Van Holland 330 ee 
elacitk Gant eee eee aaa Haut Banc, Pointe du_______. Hor FE (Virginia) 0 0 > eee 
Hague, Cap de la (France) .------ 48080 | Haute, Ile-.......-----.------ HLogands.. 2: 422s se ee 
Hague Rock (Alaska)____.______- (SS30ll awane@leewas Pn eA osbondenis: sak - = sae eee 
Inala Jima eee ee 87560 | Havre Aubert Hoegiand (USSR) 2... anes 
Eel k4OW eeae aa ae eee ee 81940 | Havre-St.-Pierre_---_-_-----+---- Hoher Weg 
Figi-nan 2h aos Setesrssage ease 81900 | Hawaii_________- VOjen seers. wee) Sa ee 
Hainan sui sss st2--- === aes 81930 | Hawaiian Is__- Hoke shoes ess Se eee 
EHai-yang) Taos sss = send 83260 | Hawea Point IROKIUI Ra ee ee ee ee 
al aie aie 3 ens ge «72 23 58720 | Hawkesbury, Port--_------__---- LOK Ral sees Se ee 
Hal-k’ Oates 22s22222222=-22,512 9s 81940 | Hay, Cape (Northwest Terri- Hole in the Wall 
Hailuotowss fs-s2 225295222 See ee 42650 TORICS) sa Aenean oe Cee 4210} Pe ollandias ee les- ee ee eee 
Hainan s lao. -s22222222h2-=.2=s0e S000) (Hay darpasa ==. = OA CON BELOLN CN GTA eee Se eae eee ree 
MaimanyUsiics #2225222 2s oe 81930 | Haye, Point la (Newfoundland)_- 6840 | Holmogadd 
HMiatph ong wea 7-2-2918 SRM B1760)| els yirrsiz Aidasi eee mete ee 57830 | Holmsland Klit 
Haisboroughe=ss 2 2-22 s- sas see 57201 | ElepZ ak | a eae ne Pe SOOLOh -Holmudde:.=-. ee 
Blais see oe 223 Ursa aS 2ca_ 22200 | Head, North (Washington) ______ L120 si eloisteinsbOrg..--2- 2. eee 1230 
Watilen Cap 2-222 =22- es 22210 Head, Southwest (New Bruns- Holyhead 37740 
Hat-vangyTa0sss22_ 2222-25-81 83260 TOUT BONS dees ee 41100 
lati S alc eae een ee 87120 Home, Cabo del (Spain)_____-__- 49830 
E810) DO Swine tae Oe 83520 | Heath Point (Quebec)---._______- 7540 | Home I. (Cocos Is.) <5 Se G70 
Elgkate, Ole. 2-2 ee 86760 | Heath Reef (Australia) j pl eadbe ebb bancliies 81440 
Haken ae es ees arse eae ZT Bs 0th lebnidies sues sete es RO 81520 
Bee Beta Saas eaec pace 85130 earn ef op ogee en 81750 

akushatou.s.. 2862-0 ee ee | 8251 V6 lepbateel eae oe iti 
aldenyeweer ae.) eae 41260 Hediand, ear pheiaped seed re Weir hort ae ae 14400 
Hialf Mioon ‘Caye ------ = eee 14120 | Heiden, Port Honduras, th eee ae OE ah a 
Haliway, Rock... 92m 8 19300/|Holmoyauen eee = nen Hon “ S, south coast. ------- ae 154 
BValifaX te oe see ee Ai kingen plans ss sven n Sn been Hons K tag etree ye: i OO. ae 
Hallab, Ras el_._.___- Heals seen ENS Sens 5° baemeeeets nig et 
Hallands Vaderé.-.--- Rbnae bo oes sie ees Honsh f-.. > S8000, 86000, 86800 
Hillerund (Finland) Maiemanse ce Hog; Port (Cape Breton os oes 
Hallgrund (Sweden) Hellehavns Nakke et aE 8G Hood Point Be Bytom Tae ae ry 
Halli, Ostrovin... .-eg!e Helleholm NY; . ot (Republic of South 
iT, peeaataer paaion Helles, Cape ------- 070072 Bapenly Riggers 70580 
Hallowell, Cape________ Helles¢y -_- ae eek ees ae H k the rake TOOT NARS Es AEA 
Halmahera Sean ann Mea. eee Halimanweert te nae Hov Bay ‘Antarctica. = ee 
Walmstgd-.) 5 9) eee Elellvilic= seems Hope, Poll f Ne aa i 
Hals Barre.............. Helnms (Denmark)... 45810 | Hopeail Head (New. 
Hiilsingborg a ee ee Helnes (Norway)_.___.__.___._.__ 40080 eae ] i, ( ewfoundland) 6660 
iSite ie csr ee ae pS Tfelsiticdr seeps eee nee 45410 opedale (Labrador) -.._--_--_-_- 6070 
eTacaadas Hels i 2 222 eer n--------------- Hopes Advance, Cape (Hudson 
ETAT ta NK1_-------_-------_-_------- SUvalt)c sess oes. See eee ee O DL) 
Hamburg Efoguiam 23-2 see sae ae 17160 
ita Horacio, Islote__.._.._.2-_--.--__ 62930 
amition ‘Eormiga, [slali: sche 2 eee 51260 
eraciiiametee Horn, Cape (Chile)__-_____1_-2-- 27810 
Hammer Oddell 2a) irs aie Her mana Inlet. eT teddies Bore 1 o@tesseipe®) a (bks ¥a eee seul) 
Hammerfest __ fos 26 pea panel ELenmes, Capo. 24 ss cent ee 62180 Morshy 5 
TEM Ole Eleymasay Eintas a: seen 25060 | Horngy.______ 

J HMeraduna, [sla 22.925!) anaes 15240 | Hornum Odde 
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Index 
No. 
71570 

6340 
46300 
96120 
44190 
31320 


Horsburgh 


pVOIsenS: 2-260. 25.25. Se 


Hrid Galiola_ 

Hrid Mulo 

Hrid Porer 

poe. oer Ivan na Puéini_ 


Hri 

Hel ne ou Chiao 
Hsi-sha Ch’ iin-tao---- 
Hsia-men Tao 
Hsia-san-hsing Shan 
Hsiao-lung-shan Tao 
Hsiao-pan Tao 
(eiu-lu-tao----.----== 


Hua-lien Shih 
Hua-niao Shan 
Huafo, Isla 


Huarmey, Puerto 


Hudiksvall 
Hudson Bay 
aha Strait 


Hulawa, Pulau 
Hull (England) - ----- 
Hull I. (South Pacific Ocean) 


Hung-t’ou Hsti 
Hunter I 
Huo-shao Tao 
Hurup, Ostrov- --- 


Hyfield Point. 
Hyllekrog 
Hyperite Point 


Ibn Hani, Ra’s 
Ibo, Iha_ 
Icacos Point-- 


Igneada_ Burnu 
Igvak, Cape 


fle, fles (Island, Islands). 
proper name.) 


- fle d’Aix 

- fle de l'Est 

ci" 20h Be | ie ena a 
- fle d’Oleron 

- fle d’Ouessant 


ified? yeu. semen. sey: Peet aitet 489 
IIha, Ilhas (Iskand, Islands). (See 
proper name.) 


(See 


INDEX 


- Ilha, Ponta da 

Tjhéu, Ilhéus (Island, Islands). 
(See proper name.) 

- Ilhéus 

— Ilhéus Formigas 

TIl’i, Mys 

Tliasik Is 

Tligan __- 

Illaue, Ras. 


flot (Island, Islet). 
. name. 

Ilyasbala Burnu 
ma bar lien eee oe a eee ce 86050 
Imai Saki 


(See proper 


TImperatore, Punta 
Inaho Misaki 

nee Burun-- 
Inchkeith - 


India, east coast 

India, west coast 

Indian Head 

Indian Ocean, Islands of the.67000-68770 
Indies, East (Indonesia) ___- 72000-76160 
Indies, West 21000-24330 
Indonesia 72000-76160 
Infiernillo, Islotes---------------- 30070 
Ingeniero White = 21320 
Ingélfshé6fdhi 

Ingonish 

Ingramport 


Inishowen Head 
Inishtearaght 
Inishtrahull 


injeh Burun 

Inland Sea 

Inscription, Cape---------- 
Insula Serpilor 

Intsy, Mys 

Inubo Saki 


Tquique 
Trago Zaki-_ 
Traklion 


Tronbound I., East 
Tronbound I., West- -- - 
Isabel Segunda, Isla 


Ishizumiga Hana 

Iskenderun 

Isla, Islas (Island, Islands). 
proper name.) 

- Isla Cabo Blanco 


(See 


Teleop vanes fees 
Isle of May 

Isle of Wight 

Isles of Shoals 


Islote Horacio 
Islotes Infiernillo 
Ismailia 


Iso Tytarsaar 
Isola, Isole Aas 
name.) 


(See proper 


iesace! Ponta de 
Itaperina, Pointe d’--- 


Ivory Coast 
Iwaki Jima 


Izvestiy Tsik, Ostrova- 

Jabal at Ta’ir 

Jacks Point 

Jackson, Cape (New Zealand)---. 80440 
Jackson, Kap (Greenland)-.....-- 1070 
Jackson, Port (Australia) _...----_ 77220 
Jacksonville (Florida) 12220 


Jafaraébad 

Jaffa (Israel) 

Jaffa, Cape (Australia) 
Jafina (Ceylon) 
Jigaréren 


Jan Mayen I 
Jandia, Punta de-_._- 
apuelo, Rio de 

Japa 

rete (New Guinea) 
Jarvis. T- o2<-2=- <= 


Jazirat, Jezirat (Island, Islet). 

(See proper name.) 
Jazireh-ye Farsi 69320 
Jazireh-ye Qeys 69420 
Jazireh-ye Tanb-e Bozorg--------- 69430 
Jeans Head 6670 
Jeddore Rock 
Jefferson, Port--- 


Jerez, Punta---- 


Jesselton 

Jezirat, Jazirat (Island, 
(See proper name.) 

Jicarita, Isla 

Td aut eeemaenees 

Jiguero, Punta- -- 


Islet). 


Jintotolo I 
Jizd Misaki (Naikai) 
Jizd Zaki (Honshi, north coast) -- 
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Joupil, Cape 

Jourimain, Cape 

Juan Fernandez, Isla (Chile) 

Juan Fernandez, Islas (South 
Pacifie Ocean) 

Jubal as Saghirah, Jazirat 

Jubal, Jazirat 

Juby, Cabo--.- 
ddah 


Jupiter Inlet__- 
Jutias, Cayo 


Juzur Ashrafi 
Jylland 
Ka Chom Fai Ko 


Kajartalik._.__.._.- 
Kaketsuka 


Kalingapatam 
Kaliningrad 


Kalundborg 
Kamaishi 
Kamata Saki 


Kami Jima 
Kamome Shima 
Kamui Misaki 
Kanal, Nord-Ostsee- 
Kandalaksha 


Kaneohe Bay 
Kangamiut 
Kangaroo I 
Kanin Nos, Mys 
Kanis, Pulau 


Kannon Zaki (Honsht, 
coast) 
Kannon Zaki (Téky6 Bay)_______ 
Kannoura K6 
Kantin, Cap_- 
Kantori Zaki__ 
Kanzi, Ras 


north 


"66 
46490, 46550, 46580, 46610 
Tange 7 
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Kao-hsiung Shih 

Kap (Cape). (See proper name.) 
Kap (India) 

Kapelludden__ 


Kapoposang, Pulau 
Kara Burun (Aegean Sea) 
Kara es (Black Sea) 


Karaman, Pulau 
Karang Galang 
Karang, Tandjung 
Karangmas, Pulau 
Karas-ketjil, Pulau 
Karatas Burnu 
Karavalday, Ostrov 


200 

ee Pulau 
Karlo 
Karlshamn___- 
Karlskrona____ 
Karori Rock 
Karrebeeksminde 
Karsik, Pulau 


iatakolon, Akra 
Katangkatang, Pulau 
Kater, Cape 
Katsuura Wan 


Kune Harbor 
Kauna Point (Hawaii) 
Kauna Point (Oahu) 
Kaunakakai 


Kawaihae 

Kazahaya Zaki 

Ke Ga, Pointe de____ 
é 


Keahole Point 
Kean, Point 
Kedah Entrance, Sungei 
Keeling Is. (Indian diss 
Keelung (Taiwan) - 
Keflavik 


Kegomacha, Ras 
Kekenis 

Kelapa, Pulau 
Keldsnor 

Kelian, Tandjung 
Kélibia 

Kellett Bluff (Washington) 
Kellett, Cape (Northwest Terri- 


Kentar, Pulau 

Kenya 

Keonoi, Goh 

Kep i Rodonit 

Keppel Harbor (Malaya) _____ 
Keppel I. (Newfoundland) 
Kerch’ 


86990 
85420 


Kergulen, fles de 
Keri (Estonia) 


Keri, Akra (Greece) 


Kermadec Is 

Kermorvan, Presqu’ile de 
Ketchikan 

Key West 

Khairsiz Ada 


Khersonese, Cape 
Khersonesskiy, Mys 
Khlong Krabi Yai 
Khlong Sai Buri 
Khodovarikha Sopka 


kidnappers, Cape 
Kie 
ieiel Canal 


Kiirun Ko_ 


Kileredaun Point 
Kil’din, Ostrov 
Kilia Burnu 

Kilifi Entrance 
Killantringan Bay 


Killini, Akra 
Killybegs 
Kiloarda, Cape 
King Charles Cape (Hudson 
King Cove (Alaska) 

a George I. (South Shetland 


King I. (Tasmania) 
King William I. (Northwest Ter- 


King’s Cove (Newfoundland)--__ 
Kings Point (New York) 
Kingston (Jamaica) 

Kingstown (Ireland) 

Kingstown (Lesser Antilles) 
Kinkazan T6 


Kisimayu 
Kiska Harbor_- 


Kitriés, Akra__. 
Kittigazuit 
Kivdlak I 


Klein Curacao 
Sivhels 


Kloster-Kamp, Mys 

Knight Point 

Knivskjelloden 

Knudshoved (Kattegat) 
Knudshoved (Store Belt) 

Ko (Island). (See proper name.) 
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Kogo Zaki__- 
Kohahu Shi 
Kokarsoren _ -- 
Kokole Point 


Kokutan Zaki (Kuril Cae 
Kokuzan To (Korea) 


Kolyubakin, Ostrov 

Komandorskiye Ostrovg 
Komatsushima 

LoS 2 ee ee __ 56500 


Kongshayn- 
Konigsberg 
Konotoro Misaki 
Konzetsu Ko 
Koojesse Inlet 
K6opu Poolsaar 


Korinthos Jee ier eee ee 56090 


Kormakiti, Cape 


Korsakov 
Korshavn . 


Kotel’nyy, Ostrov 
Kotlin, Ostrov 


Kotzebue 
Koufonfsi 


Kralendijk 

Krasnyy Partizan, eye 

Krigugon, Mys -.. -- sas See R4GRO 
ads ROE ae be ae ee ee ie 84260 
Kristiansand (Norway) -- - -- 
Kristiansund (Norway) 
Kristiinankaupunki 

Kristinestad 


Kronotskiy, Mys 
Kronshlot, Ostrov 
aa 


Gr lO oe xen ee se cena 81200 
Kuala Trengganu 81060 
Kuang-chou 


Kiibassaare 


Kudat 
Kukuihaele Landing 


Kumkale 
Kumukahi, Cape 
K’ung-t’ung Tao 
Kunjit, Pulau 


INDEX 


Kunsan Hang 
Kupang 


icaebatota, Mys 
Keane: S.-a3. saa 2 
Kuri, Cape 
Kuria Muria Is 


Kurmrags 
Kuro Shima 


Raye, Al 
Kvanhovden 


Kwajalein 

Kya (Norway) 
Kyaukpyu (Burma) - - 
Kygynin, M 
Kylmiapihlaja 
Kyobun To-- 

Kyoga Saki 


La Camargue 
La Ciotat 

La Corbiére 
La Corufia 
La Desirade 
La Garoupe 
La Guaira 


La Perla, Cayo 

La Plata, Cabo (Spain) 

La Plata, Isla (Ecuador) 

La Plata, Puerto de (Argentina) - eed 
La Rochelle 

La Romana 

La Roqueta 


La Tortuga 
La Vieille 


Laau Point 
Labian, Tanjong 


Labu, Pulau 
Labuan (North Borneo) ------- 
Labuanhadji (Lombok) 


Lacre Punt 
Ladrone Is 
Lady Elliot Islet 


Laem Talumphuk 

Les¢ 

Lagens, Ponta 

Lages (Azores) - - -- 

Lagos (Nigeria) 

Lagos (Portugal) 
Lagostas (Angola) 
Lagostini Is. (Yugoslavia) 
Lagskar 


Laitec, Isla__- 
Laiwui 


Lajar, Tandjung 
Laje da Conceicao 
Laje da Marambaia 
Laje de Santos 

fa do Coronel 


hake Charles 
Lake Harbor 
Lakka__ 

Lamaline Bay_ 
Lamanon, Mys-- 
Lambda I__ 
Lamentin, Pointe 
Lamko 

Lamock I., High 


ham pedess 
Lampione, Isola di 
Lamtong I 


Landskrona 
Landsort 
Langanes 
Langara I 
Langeland 
Langelands Mre 
Langkuas, Pulau 
Langness 


Lao- Hawel Shan 
Lao-t’ieh Shan 


Large, Ile du 

Las Piedras 
Lastovo, Ostrvo---- 
Lastovski Ototiti 


Lauis ee 
Launat-Revi, Mys 
Laupahoehoe Point 
Laurie I 

Lautaro, Isla 


Lavapié, Punta 


Lavezzi, fle de 
Lawn Point..---- 


Le Hourdel 
Le Maire, Estrecho de 


Le Touquet 
heading Ticklessee==sea=-=- = 25=— 


L’Enfant Perdu 
Lengua de Vaca, Punta 
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INDEX 
Index Index Index 
0 No. (0) 
eningrad.cses+-.t. Sie beets Little Guana Hémcngrn,y Waplc ..--.--. eee 1450 
afennard. [es 2. -. stl ees Little Gull I__- 3 Lovtsova, Myvs 84780 
Leones, Isl. 4.2... .228euree ee Little Hope I Mic ee ee eS ~ 79030 
Leopold, Port_.....------ Little Paternoster Is bs a Le Seth aka Ge ae PN ae te 
Lbepar, Pulau-...._.---2e2 Wittle PedrowPoints. 22. s2e 552.02 Low Isles - < - = -- = 822228 78700 
Lepreau, Point- Little Port Head vee Point_-.-------_---------=- 8680 
Wes) Arcadinsg-............ 282 Little Quoin [2 es, See Be a halal Ge SS ra Sea 35710 
Les Grands Cardinaux Little River_____- Baty WS eee ose soseatessossee 92700 
Les Hanois Rocks Little Rosse eee 2 os scseee acoso gE Ss (he ene 
Les Heaux de Brehat Little Santa Cruz I 
Les Sables-d’Olonne Liu-chiu Hsia 2 82650 - 63660 
Recon tice ee 4219 | Liverpool (England). ___-----_-__ 37630 eae (Maine) ae =2= == oan 10230 
Pep rakoges Myo. eel 4620 | Liverpool (Nova Scotia) -_________ 9370 | Ltibeck (Germany) _____________- 44490 
Lesser ‘Antilles pare Die 22800 poe, Punta pee bary C80 ee ee uae 
Staats ot ear ee ivornosesn. Sanaa oe a SE as oe 
aeaee Is... ---.----------- Een Lizard: Heads) 2s sis5e ee diatles. D202 St oo eee ee eel 42510 
Levant ‘He din ne alae GLuel 52660 Lizard Point dandy De. 22.25 ae ee 38110 
Levanzo, Isola di..a-----2a-a2a2. 54410 | 4 CO8St) acco nnsnneenennne 35960 | Lunenburg o-oo 9320 
Leveque, Cape._.._____- 79449 | Lizard Point (England, south NGO se so. 42340 
bavitha Cee eee TET lio COS acer eee ese 35230 | Lusaran Point__.-..____________ 90940 
Woven ree ee eth oe 93930 | Liebeitx, Cabo. __--_____________- 52010) |icusshtin'» _t2 22. S22 ee eee 83220 
éuvn Canoe aimee sees wee omnes 48060 | Llobregat, Rio__------.____-.---- SL510) | iaiton ges oe... eee ae 75980 
Dewisporte.... 2. . Beh ae GarO) Capos ta ae eee ene sear 54020 | Luz, Puerto de la________________ 32730 
Reytec wens! eee 90130, | Lo-chia Shan ----------_________- 82940 | Luzon_________ 89030-89310, 89340-89470, 
90220, 90230, 90620, 90640, 90650 | [08nd -------------2----------- ae |e vk ae 89510-89540, 89560 
ibatl een ee eR ART Oy) pLcadle Osean anne nea en seen a ewes auleys EOLt= i222 eee Deen 
Libew is Sf EE Me ee 3 Hobangylanjong sss saeeeneere 76000 Lynés, ‘Point. :+ =.= aren 
Libeccio, Punta_______ TOD ito W eee ae oes eee eeaeaee C3600) | syne gras. Si ie a) eee 
Tiberias) eee ss ILoboy nonta dousessscnnes as amaae S37 10l eign eo oe ee 
Libertador, Puerto..___. Lobos de Afuera, Islas____________ 30200 | Lynmouth Foreland____________ 
Libreville. Lobos'de! Tierra, Isla) 72s 2828 30210 | Lysegrund 
ibya_- Lobos, Isla (Mexico). __..____.._- 15860 | Lysekil_______ 
Ticaty. See eee Lobos, Isla de (Canary Is.)______- 32000) |ileyseriOrt. -! 112.01 seasons 
Licosa, Isola._.._.__..__.. Lobos, Isla de (Mexico) _______._- 13330) |Piysicas soe) ee aoe 
Lido, Porto di_._.____. Lobos, Isla de (Uruguay) ________- 26930) |Wytteltone =n 
Lien-hua-feng Chiao Lobster Cove Head_______- 7350 | Ma-tsu Shan (China) 
Pdepajard te. fine Boch| Carlow ay === ==sas neue name 3/030) WMaasin See.) 8 eee 
Lighthouse Reef_..______ Lo-chia Shan_.._.----------.-.-2. 82940 | Maatsuyker Isles (Tasmania) 
pion, Cap__....._______-.___-=. 48120 | -OCeport Marbor_-------________ Hepa iy Wagener oe 
ille Lynggy-__.---------.-...-... 40160 | ~OCKTOY, Fort_-----------________ acabi Isla de-..- 22. 5 ee 
Lille Pendulum I_____-_.--.__-._ 1550 | PO@DJerg Kirke-_-----___________ 200 -er aes =e 
Lille Prestskjeer__......._-..----.. 41000 | PoOloten- - ---------------------___ MaCelO.n2 2. =. - classes ose 
Mciloan sess ose ee ee CDT ON raneeectnead Kh Cy we ecn rane aee cee Machadinho, Ilha._-____________-_ 
ihimarislet Southsea ses Machado, Ponta ania: Seana 
Limarsi, Punta_....---......__.._ 54529 | 0lfe--------------------------___ Machias) Seal I-22... 2 38a 10010 
Limassol Machichaco, Cabo_________--___ 49470 
Limerick__- Mackay = 4c... {Sea 78830 
Limnos--_- Macolla, Punta_.__--..,..225-. 25180 
(Uimonwse tan ass sarees Macquarie (Australia) ___________ 77240 
in-kao Chiao sen een nes Macquarie Harbor (Tasmania) ___ 79320 
pAncoln, Pore eee ee Macquarie I. (South Pacific 
MGesnes a eee Seed eee GCRIN) A>. oo eee. oa ee 92740 
indies as tes oe Macquarie, Port (Australia) _____ 77130 
ising El loese a oe ae Mec tana: 4 oso ceca) a ee anaes 90690 
ingea, sp ulauseeses seen eeen memeee Mscatiy Ponta s..2..-- cee oad 64400 
Tin-kao Chiao._._.-.-._ 2) 21 Whatlagascar (2222... 2cso. alee 68200 
eS Sea cee paleay Lop osnsee ses eee See 8800 
inné, Kapp sosess setae ee SOONG: .-0 os cenn cca aces een 92080 
Hinosa, Isola dizlsiss: - 2 Se ee Madeira, Uhs.da.i2.2.2.. ae 32100 
moo Isolezs+23 2522322353... aa9 Medes IS. . sseeh hc anette ces 32000 
DSO) PISO ko So 2 adOGrayee se. | U.S sh 73800 
iptrap,,Caponests: ss ths: i. cere INGSOTAS 2 con See oe 7043 
iran, Pulausssso2-2) 525. . ere Madryn,Puertos 2oo.cee sae opace Sane 
dirica,: Ostr vos se) ee seanee TEER RES||OUe Wie Wen anon ae ee eee ae Madtira 222". Siaeete ats ene 73800 
Dinunip eases 22 Se oh ae Longyearbyen_. Maestra, Punta della 55300 
THIS oases eaten ons tes ae Lonsdale, Point Mafamede, Ilha de_______....___- 64460 
MS Don wees kewes Sosa coe Ne Lookout, Cape (North Carolina). 11950| Mafial_._...-—........ 64630 
Miscomb' Tss5e2 52055 5 eae 9130 | Lookout I. (British Columbia)_-_ 17720 | Magallanes... 28010 
Lisianski I. (Hawaiian Is.)_______ 20870 | Lookout, Point (Australia) 77 Magdalen, Cap de la (St. Law- 
ae A , p ( ts aw 
Lisianski Strait Entrance (Alas- Lookout, Point (Chesapeake Bay). 11 mence River)... 0. eee 7720 
Ket) ee Oe hs bc Se eas “ Pi - 3 Magdalen Is. (Quebec)... .____ 7900 
istasee Wer cn: patka, Mys__- Magellan Straitee 20°22) .ue 27900, 29100 
dsisterrauna =~ 2 == 555 25-= 2 see Tord Howe Ratt y, cube et Ee dy See 25840 
Lithari, A SNADRN PUTS 2 oo 2222 oles 70420 
ae ; hs aS Ie Ss 1 Rae Mahanonoe-sss..ness sa ena 68630 
Li Hoenaere Ta_-------------.-... 58240) LOreto ease sansa so Senate IMahdigigs tc: 1 )- > Ree 59340 
Hee Vorlent 0 --sssssenhete eres A300 | Mabe (Idi) caress oe 69970 
eS eee . (Seychelles Group)______ 67310 
ti rHinos, Cape ost Angeles—-25_--.. es 16160 Mahébourg (Moauritios).— ed at 67140 
ye ade : Los Coronados, Islas ahedia__ 59340 
i asses Rocks. ___ Mahon, Puerto de________.__._. 52240 
rue le Tow--e--------------2-- 6880 | Lota... --.-------_. Mahone Harbor_..........._____ 9300 
Little Cumbrae I Mahukona 2:2 S5-3 Se iea eal 20140 
Little Denier I........_ aN Vesa | tem a MisinGs The: 22c sete. so oeeeee 25890 
Seeetiie Se ocep ei Maidenstt\ soo 522.2 e ee MRPasEa iy 


Makanalua Peninsula_-- --- 


Makapuu Point 


Makassar 
Makatea 


Mala, Cape 
Mala, Punta 
Malabata, Punta 
Malabrigo Point 


Malamaui I 
Malapascua I 


Maldive Is 
Maldonado (Uruguay) 
Maldonado, Punta (Mexico) 


MAl¢y-Skarholmen 
Malpelo, Isla de 


alva: 
Malyy rGonbdetskigs Mys 
Mambajao 
Mamelle Islet 


Mananjary 
Manappadu Point 
Manchester 
Mandvi ---- 
Manfredonia- - 


Mangalore 

Mangareva 

Mangkai, Pulau 
Mangkalihat, Tandjung 
Manigonigo Islet 
Maniguin I 


Manila-___----- 


Manokwari 
Manora Point 


Mantanani Is 
Mantang, Pulau 
Manucan Islet 
Manuel, Cap (Senegal) 
Manuel I. (Labrador) 


nus 
Manzanillo (Cuba) 
Manzanillo (Mexico) 
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Marbella 
Marblehead ___- 


Margaree Harbor 

Margaret, Cape (Canada) 
Margarita, Isla de (Venezuela) ._ _- 
Marguerite Bay (Antarctica) ___-- 
Maria Madre, Isla 

Maria Reigersbergen Bank 
Maria van Diemen, Cape 
Mariana Is 

Maricas, Ilhas 

Marie Galante 

Marienleuchte 


xngaa I 
Mariquitdaquit Islet 
Mariveles-_ 


Me otiarueresial 
Maroni River 


Marsden Point 
Marseille 
Marshall Is 
Marshaq, Ras 
Marshfield 
Marsteinen 


Marteau, fle au 

Marticot I 

Martim Vaz, Ilhas 

Martin Garcia, Isla 

Martin Head (New Brunswick) __ 
Martin, Kapp (Svalbard) 
Martin, Rfo (Spanish Morocco) -_- 
Martinique 

Maryland 


Mas A fuera 

Mas Palomas, Punta---- 

Masamirit 

Masbate-------- 

Masbate I 89850, 89860 

Maseskir 41370 
i 87410 


gat 
Massachusetts 
Massacre Bay 


Matakong, c # 
Matanzas 


Tistitoa, Cap.222s-2 
Matinicus Rock 
Mapes Pontazz2- 


th 
eae: (China) 
Ma-tsu Shan (China) 
Matsu To (Korea) 
Mauger Cay 
Maughold Head--- 


May Point, Cape 

Maya, Punta de 
Mayachnyy, Mys 
Mayaguana 

Mayagiiez 

Mayari, Punta (Cuba) 
Mayor, Cabo (Spain) - ------- 


y 
Maysi, Cape (Cuba) 
Mazagan 
Mazatlan 
Mazorca, Isla 
Mbana, Tandjung 


McMurdo Sound 


Meares, Cape 
Meatij Miarang 
Médanos, Punta 


Medway Head 
Megalonisi (Aegean Sea) 
Megalo-Nisi I. (Bulgaria) 
eee Mys 


Mejihones 
Mel, Ilha do 


Melangavi, Akra 
Melbourne 
Melchior Harbor-- 
Mele, Capo------- 


Melilla. Akra__- 


vena Secche della 

Melvill Reef (Indonesia) 

Melville, Poke (Philippine Is.)_ 91140 
Melville I. (Canada) 3630 
Melville, Kap (Greenland) 

Memba, Bafa de 


Mendez, Punta 

Mendires Cape 

Mendocino, Cape 

Mendre Rt 

Menier, Port 

Menjawak, Pulau 

Menorca 

Men’shikova, Mys (Novaya 
Zemlya) 

Men’ an ikova, Mys (USSR, east 
coast) 84420 

DMeLaUKO=- Goel eccnes ao oaen ase aes 92170 

Mercer Head 

Mercy, Cape 

Meredith, Cape 


Merlera, Punta 
Mers el K6ébir 
Mersey Bluff 
Mersin (Turkey) 
Mersing (Malaya) 
Mérsrags 
Merundung, Pulau 
Mesa de Roldan 
Mesolongion 


Mesurado, Cape 
Meulabon 
Mew I 


Mexico, west coast 
Mexico, Puerto 


Mibya Kyun 
Middelfart 
Middelgrund 
Midway ue 
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No. No. No. 
Mikelbakas 2. --=-< -c2e"$-4-- 8 43670 | Montauk Point---_.-_-_---_---.-- 11210} Mullaittiva....-.-....----------= 
Mik Zaki... 2. ates $5750!| MonteBelo.-._---.-__.____ sue Milo; Frida) = eee 
A anne Tima... aes 85600 | Monte-Carlo______---_____ Mumbles Head _-------- 
IVT On OS Been ec erc 56380 | Monte de Cuyo__--------- Min dala eee 
IMR ota tM cco re 80840 | Monte Radford_____--___- Mungging, Pulo_._-------- 
Milazzo, Capo di..___-_..---_---- 64720 | Monte Somos- ---.--------_- NMuniRIO. sesso see ee 
Mile: Rocks... ..{ees ate = 8 16520 | Montedor, Cabo-__-_-------_- IMUIMUOK seen ee 
IMilfordiavienses 00 252.5. ae 37850 | Montego Bay--------------- Murchison, Cape---------- 
Niele Meeke (etre)! sent) a 96480 | Monterey__--.-------------- Murih, Polan22-22-2----== 
Miminegash...___..._...........- 8260 | Montevideo..._..._-_--_--_- Murmansk 27222 -2--- === 
NTR Sac 69330 | Montjuich, Castillo de DVIEIN OVA ee ee eee 
IMG CMAN ol 9580\| Montreal: 2. otek ae ee 7670 | Muroto sears -------- 
Mindanao__________- 90280-90330, 90350, | Montrose__.___....------------_- 36430 | Murro di Porco, Capo 
90360, 90390-90490, 90510 | Monts, Pointe des___.______- 7630 | Muscat__-_-_--.--.--_ 69060, 69070, 69460 
IMindanao|Sea__.... onan alere 90200 | Montserrat___._-------_--_ 23270 | Musel, Puerto del____-------____- 49600 
IMIG ClO Pro ea er 33220 | Montt, Puerto _ 20970 |Abusick 1.” ....:..- 22205 
IMindorovescoe oes. es 89600 | Monze, Cape____.._.-.--._-- =/69510"| Mrasquash =. -.-_.---2S5._. 
IVa eo SS ie ee cro 68400 Stele Point: d22¢- 22... - Se bret IMISU Dane. = 22 eer 
Mime ECA Gi. aoe OE 38300 OOSONCE TS... cae Se ete eee 43 
Minorca... ae 52200 | Morant Point.................... HeWkagee men ees 
Minots edgessate Bex eho saes 10730 | Moreira, Ponta__.._--.-______-__. 33740 Sipe === eee 
Miquelon) TS. .2- sas enone 7000 | Moresby Point (Tanganyika) ____ 64630 ao ean ~tyeweces SEE eee 
NU oo ce ne age oo 75990 | Moresby, Port (New Guinea)... 92159 | Mutsure Jima_.--------------__. 
Misamis) Port fem seen se aan 90300 | Moreton, Cape____._._______.____ 7049 | Muttum Point -_2_ 22222222222 
Miscou [.=-=-22222 ===5558040 Morguilla, Punta:= 432 Renee 29600 Mutyeh' l'a02: 22-2 Ss eee 
IMisoOl. .- 22. = an LAND | IMisgiutyOn tlk Muzon, Cape-_--_-- 
Mississippi-_...-.-.-_.- =a 2700) Moro irises ls a. Cae Mwana Mwana.-- 
Mississippi River____- ---- 12900 | Morocco__.____ Mysggenaes-___--.-- 
Misumil)._ ---- =--5=. ---- 86280 | Moroni______ a | Mygee = 
Mitre Rock__--_--- ---- 92110 | Morris, Cape____ Mykines-_-_-_---.-- 
Matrofania T-2=-==225 ---- 18650 Morris Jesup, Ka Miylstrevag = 222 25222 ase 
Mitsu Shima_______- as SOCAN OrrO stone tks a ee Mys (Cape, Point). (See proper 
Miyako Jima___-___- ---- 88100 Morro, Castillo;del = saan erate 21500 | . name.) 
Miyazites. 222 S25 = . 86910 | Morro Castle.....__.__.__._._____ StBOON NGO Lowel =~ -- == oe ae tena 
Mizunoko Shima-_-- ---- 86170 | Morro Colehas_____...__-.__.._.. 32729 | Nachtigal, Cape_ 
Mkumbi, Ras_-___--- ---- 64630 | Morro de las Torrecillas__________ 29510 | Nador, Punta 
Moandases25s 2252255 ---- 63510 | Morro de Puercos..s 2 15120 Nagasaki____-_- 
Mobiles oases ass -- 12620 | Morro de So Paulo..____________ 26250 | Nagasaki Bana__ 
Mocambique===-6e == -- 64500 | Morro Gonzalo__________________. 29420 | Nagata Misaki_-_- 
Mocimedess 32. ssa .--- 63730 | Morro Nuevo_______...___-.____. 27470 | Nagayevo-------- 
Mocha (Red Sea) _____-__- --- 66020 | Morro Pernambuco-_-___----_____- 26280 | Nagoya-------- 
Mocha, Isla (Chile) ______- --- 29500 | Morro, Punta (Mexico)__--_-___- 13550 | Naha_---_------ 
Moearas' Reef. _ 75820 | Morro, Punta del (Mexico)_______ 13370 | Naikai_-_------ 
IMfoclarallhawees sss 27926580) |p Morups Mange! #4 eees oe oe 41449 | Nain___-------- 
IM OCT Us) or = ae _.. 45020 | Morzhovets, Ostrov__._-_________ 2830 | Naira, Pulau_---- 
ING Oera eieet sa eee sso eee -- 80110 | Moses Oates, Cape_________--.-_- Najomt Sesseesasea—e 
NMogadiscl oss ee ee ea O4940s MIOSSo ee 
INiogador sees seas Seen ..- 61290 | Moss&medes 
Mogotes, Punta-------22__22 --- 27230 | Mosselbaai______- 
IMINO OY Vine aoe ge oe ee meee Mostaganem 
Mohicans Capetes2 22253" 2.— Mostardas, Ponta da____________- -- 
Mohnisaarsss sass sores se Motion I_____.......-..-__.-2.... 66501] Nakkehoved_.__. 
IMoholmense9 Ss sees Motodomari-______ INaknek.- 222.522 
ene Seca, Ponta de_______ Motsutano Saki Dee ce: eee Be Ee 
Of l oa Se eS St. amalungo, Ponta_-..........2-2 
Bik ‘Toler e tea, eee Meets les soo | Nampo Shot6 <0 TTT 87500 
IVLOK OSS S Stas so sacs aa cee ee SOA TOM aii lavan Ol) tase Glace Guilt ama an-p’eng uin-tao. --- 8247 
Moktéki Tove sere sss “aot nique, Cape. .-202-2 225 25070 WMatiaimo. -. o2.cesces-.--JSWe 17770 
MokutoS hove sess ss Ses Mount Carmel.................. INBNAO. U2 Stassecs secescenel ee 86980 
Mokutoku To Mount Desert Rock INangka) West-.=--2:----- eae 73140 
Molas, Punta____.__-- Mount Siple sae IN@nOk sec. .8- cesses oe 1560 
Mole, Cap du_ INSROM C8 2.2 = sass ew secs 94320 
, Mourepiane, Pointe de___________ 52550 
Molfott ae sseasese a asnas seaene Mouta Seca 63620 | Namortalik_.__.---------...___-.- 1380 
Molini, Capo (Sicily). __---_..--. 54920} Mouton, Port.............000. 9380 | Nan-p’eng Ch’iin-tao_____________ 82470 
Molino, Punta del (Spain).__.__- 51570 | Mozambique_.__................. 64300 | Nampo Shoto_-_.-----------___-_- 87500 
MMollendosse2 e222 es ae 30020i\"Mrlera. Rt. oo cen eee 65400) || wansel Shot: 1-=-----222ce See 87600 
iVEolen PP orbeeeassaass seen eee 19320 | Mu-chi-tao Chiao. __............. Ey ey || INU eee a ee oe ee 48840 
‘Molokalz:s-s2.22 2 ae See Se Mu-tou Hsii a eee g2759 | Nantucket. __.---------..--_____. 10850 
Molokini i! 2-32 22 es WEN Senos oe 3070 | Nae, Cabo de la_-_-------.._____- 51320 
Moluccas. _- Muaras Reef. ______ ~_-1_ 75829 | Nao Chou....-----.----.--------- 82000 
eas Muari, Ras... cs-0. eee aa 69510 | Nao-chow, Ile_.._._._.-_-_.-___- 82000 
_ er Mu-chi-tao Chiao____ 83130 | Napakataktalik_______---________ 6060 
aon ls ao Muckle Flugga_____ 2#36850)|, Napier Harbor. 222-2 eae 80590 
REA OO Lee 2a 800 | Muckle Skerry__. =.36610/| Naples: -22_2-2 <== = 2 eee 53920 
OD CLONES saa e ae eae ane 9710 | Mucuripe, Ponta de___._______._ 250801 "Napoli. £22 nots eee 53920 
Mondego; Cabos sae 49960 | Muggia 55380 | Napoopoo 20100 
Mondoliko, Pulau________..______ (EIED|| Witt iy ee ee geo $8350'| Nargen...--_sliuan8h4 fae 43380 
Moneron, Ostrov____.__.__--_...- 84250 | Mui Rachtrang _____ ~ 81530 1 eee ea WAT Pete: RES 1350 
ional conch ees s==== aes. see ae 55360 | Muitao I_____________ LASU(O || INGEDEIGRT Lesa 43310 
Monhegan I__________ --- 10350 | Mujeres, Isla_________ _ 1G Ge) | Nia Gite 43120 
Monomoy Point__- --- 10820 | Muka Head__________ PISTON LN ary ee ane 40400 
Monrovia. ._..-------------2----- 62220 | Mulejé_______-_-_____ Wr IbO00||Nases.0 0" 0 on nt a 87910 
Mont Sti Clairs=- eats ae 52460 | Mulholland Point______ 10020 | Nash Harbor...__..-_-----------.. 19520 
Ontaguil eens eee eee 77300 | Mull of Galloway. -_-_-- 3/300 p NESS osc soos a en a 21070 


Montara, seoint==2ossa a nae 16510 | Mull of Kintyre eee 37170)| Natali (Brazil) tc losne sao ne 26120 
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Natal, Cape (Republic of South Newport Beach (California) 16140 | North Watcher I. (Cel 
[) Caner Repabtic of Sour) i aiey port Bonet: (We tora) 5 ebes) ------ 5 
IAGKICR) co ceeato=sa= ea 64200 | Newport News (Virginia) -------- 11780 | Northeast ee) sgeee sat i 
eacined 1590 
Natal, Port (Republic of South Newport Rock (Red Sea)_.__---. 66250 | Northern Ireland___-------------- 38500 
Africa) - __.--__---=--=---=------ C4210) |UNhalDrang.. 2 ase 8 ~~ g1549 | Northern Two Cays-...---------- 14110 
Natashquan Point_--- Nho Martinho, Ponta____-----__- 33810 | Northumberland, Cape-___--___- 77670 
Nati, Cabo--------- INiASSE Ulau seeeee rican enna 79860 | Northwest Territories_-__.---_-_- 3400 
ace (7 (i ui Giese cn ocean Nicaragua, east coast___.____---_- 14500 | Norvegia, Cape 
GAN Isla___---------------- Nicaragua, west coast Norway--_----------------------- 
Sigil TOK Th tk eee ee COME eee ee oes 
Natuna, Pulau-pulau__-_---------- Nicholson, Port potway, Hee ie deasbenetiee tines 
iINaturaliste, Cape_.-2-=----_.-_5_ Nidingen Nos Galata 
Naufragados, Ponta dos Nieuport_--- INOs Kalliakras== == )s=s sess 
ae Sid, A ee oe Nieuwesluis_ INGsappulGakisse =e!) See 
auset Deaeho-s.- ss. s4-02= Nieuwpoort Nosi Anambo---------- 
iNeanitla RIO esse see Nigeria____.- (NUON epee ee ers os 
Navalow Porting soso -sceet Nihiru oF Nosi ania be ret 
NID VERN Miyseee= o-oo ihoa I. _- Nosi Lava..- 
INI Y aii Ome oro ont SOTA) Le NWI g ate. aoe te Noss Head 
IN; CESS N eae an nO ene Niihau I Nosy Akao 
INGvinanr olnts 602°) 2. ---- Nikolayev (Black Sea) ____------- 57330 | Nosy Langoro-------- weetoee 
ANG DOD Eee nim Sees 2 eget Nikolayevsk (USSR, east coast). 84410 | Notoro, Cape (Sakhalin) -__- 
Nawiliwili Bay_-_-.-___----- iNinfas. Punta:s-=2 2 er we o£ 27499 | Notoro Misaki (Hokkaido) _------ 87460 
Nayakhan 2001.22 02-222 Nipal ees) $28 Gh 1) pe 72299 | Nottingham I__------------- - 5020 
{ISGS72), a INMDNS SHIGE = ene ee eeeccoseaecs 6370 | Nouméa____----------__- ---- 92710 
INET oie ee pun oper t gues eee 2s Bets 87710 aceP Liber Oe oe eae cet scae ees 36760 
INiecketils eel. eee ishi-notoro Misaki__-.---------- 84260 | Nova Scotia__----------- -- 8400, 9000 
Kaa ssuaeeee en INTUe Sees Jee Mi sacss2n22 sa SON Sates 93300 | Novara Point_---.-.----------__- 55960 
IN EOSGEN TE ST eee ae ir Niu-shan’'Ta0 * <= F2ss22s222-2- 2 g2840 | Novaya Zemlya_-_---------------- 2900 
Nears, Ponta (Azores)-2.....2... 31119 | Nizmennyy, Mys---------------- 4000 | Novorossiysk ___-_---------------- 57610 
Negra, Ponta (Brazil) _----------- 26420 Nobbys (ea@en.ssse2sc-sece5 0 40H 7130) | Nowy Port....----.------=--2-2:2 44030 
Negra, Punta (Rio de la Plata)--- 27030 Noemfoor, Poelau---------------- 92049 | Nuevo, Morro____-------__------- 27470 
Negril Point, South (Jamaica)... 21860 | Nogas I ----.-----------------+- 91010 | Nugget Point-------------------- 80170 
Negro I., Cape (Nova Seotis).... 9430 | Nojima Zaki--------------------- 85330 | Nuku-hiva, Ile_.---.--.---------- 93210 
Negro, - (Argentina) oe 27420 Neots, Port... ----------------- BaHLO | MuIRUNONO ee o-$<=o- net stactaas 94120 
egros ilippine Is.)_- 90260, 90850, | 7-4? 47-5 See nc ee re INIME We, Riess. s2e=-- = eee 64750 
90910 | Nombre de Dios----------------- 14780 | Niniliak . ay 
Nell Harbor -------------—-ne Boao | Nome. <= —-a--eooceccnnsnenons 10660 | Nunivai Tone 22a 18606 
Gist Pointe 25 soe eee nese E/T) | | A a a INurmissarice \e---- ose ee— 
Nelson (New Zealand)_----------- 30420 | Nonopapa------------------------ 20810 | Nusa Tetnbongen i 7b 
Nelson, Cape (Australia).._2.....77680;| Noordwijk aan Zee..------>--<2 47420 | Nussing I fiskceums hence 92090 
siciser diced. (Canads).....2-.-.. 1.3800) | piora> Head: —-s2ss -225-8eee o2- IONE Npapade Ook bso rec ese: 0 eae 6020 
Nelson I. (South Shetland Is.)_.. 34420 | Nord-Ostsee-Kanal --- 44710, 47010 Ree idle 6.1 ar oe 
Sekioal Port (Canada) ped Nordaustkapp-.----------------- MOG ee dO ere rr2ra7sacscacneP® 2460 
Nemetskiy, Mys_--_-- Nerina i aisle eke alec aa e 46150 Neorg pe eeeoa aos ae oo 
PR gHOUTS.cate----n---- see aat yo: eee hae ee 46900 | Nrygligan, Mys._....------------- 84650 
sgn eanrSmene=arRerasron Worderney_._.c-.=22ne8 ues Send 7290) Ne apine (hnianl a-2-------=--- ty 
» Isles. _------------------ Nordostrundingen____-_---------- 1590 | Nyk¢bing (Falster). ------------- 140 
INera ce Ointj222220-2 2 See ese Nord¢ Nyk¢bing (Sjelland)__---------- 45480 
Valligace==os--aesese- eee 40530 
oe ree a2 2222-2 -2 2-2-2 ----- Nordre Reénier-.-..-=/25---ss2-== 46460 Og eee anno nnn n nnn n anna nana 45210 
Netherlands ear tas RO isiial eseeeaeeset: + ee waa <i 
tacit =o aera b-boy orfo. irginia) 4 -<seseneo--2e SL S00 -date Shima 
Netherlands New Guinea_ paps hic Norfolk 1, (South Pacific Ocean). 92720 || O-luan-Pi. -_-..-------------222-- 
’ orman, Cape------------------- 6230 | O Shi Gotd Retté 
INeufahrwasser. -.--22<-222--2:--- 44030 oe O Shima (Goto Retto) 
Naan Mii cene otcsent eas oe 44700 | Norra Udde, Olands------------- 41830 | 6 Shima (Honshi, south coast) -_ 85500 
NauiWerked. 2.200 Bhbewsosnd 46960 A a 22 eae nee nnnn ne e=----- let OUl ote. eben ete ee 
AV OUZEN i nero. et eee ae orrskir_-__---.------------------ 42/00 | Oahu___-=--------- 
ra ee oe aptan | Norte, Ponta (Cape Verde Is)--- s3410 barns oe 
Nan is ole oe eo ABD 2 orte, Punta (Argentina) _------- 27450 | Oamaru._.._..---- 
New Bedford. 2.0222. ssscceseecke nee North America, east coast__- 6000-14780 Opbia. eet VOLS Saks pla 
MoweBritain.. ...2e-u0ge sates 92249 | North America, ‘westicoast. 16000-19700 |,Obi _......-.-.0_--------ss===8ee 
New Brunswick____---------- 8000, 9700 | North Barnard Is_-----------__- CON (CG SF il CS 8 8 
pias pecans Waseeet ett conned 92710 North eee areas gays raitiags ODOGK. ese a==55 
ew Dungeness.._..-.-.-.----=-« 1722 , , O ae aa 
New Oonreis ee eee SEES. c opaah ae es ~------------------ aaa pean i slaccece seer oe ee 
New Guinea..—<<=- ------e-e=-s-- 92000 or JANISO- — 222 =m aaron nn enn ao Obskaya Guba_------------------ 
New Hampshire_..__-------- 10500 | North, Cape (Cape Breton TA) em GOS0 I OCata Lacoste tent ce eee eee 89510 
Rue Elaniovellecs-' ousece.ecoeece 92299 | North, Cape (Dabrador).,------. 6140 |" @eean!@ape 22-22" ---2---------— 18280 
‘Now Havel...-.---------222-22-- 11340 vert oA Ol Zealand) ------ tt Oetam: Ralls cia. Cec cecscess 18000 
New Hebrides_..-2=-2----2=---- cha Nd Pete ater BS ee OCean lee eee eee eee 94400 
New alana: ie 6 eee! North East New Guinea___ 92080, 92100 | Ochiishi Saki___------------------ 85040 
Rim Serco ee 11400 North Foreland__-----_------_-_. 35580 | ~ ,,~ 
Y ---------------- 00, 11520 | North Gigante I____-------- 89929 | Och’ong Do 
New London B430q Neo te ager ase oo RR? I 
ee oricens 1. ae Ort) 11320 | North Head..-_--.-.-.------ 17120 | Ockseu Is 
Ro ierletioddiicesccenn Le North I. (New Zealand) .__-- 80500 | Ocds---------- 
VEU sesame 80830 | North I. (South Carolina) 12010 | Ocracoke I__-- 
New Westminster-_------------.- 17800) North Politics on. 2) 8270) O-date Shima 
New Po eeeececats 11100, 11390 North Quarken << ----------—---- 42700 | Odense 
eis Orth Reels ne a nena eee, oOlO essa 
Newburyport - North Rock ae ene 31010 | Offer Wadham I__----------- 
Newcastle (Australia) ------------ 77190 | North Ronaldsay ---------------- 36750 | Ogami Shima__------------------ 
Newcastle (England) ------------- 36020 | North Saddle I___---------------- 83000 | Ogasawara Gunto------.--------- 87550 
Newcastle (New Brunswick) ----- 8050 | North Sandy I_----:-------- 2 72360)|lOrhlak De 252 ee------— 57950 
Newfoundland--------------- iNiovthe UW Dialleee ss eee en 91200 | Ohau Point 80510 
Newport (Rhode I.) NiorthuUmsta-co-e ses -ee=-aeneee es STR Od| COlaVa nh ieee a _-- 80660 
Newport (Wales) ----------------- North Watcher (Sumatra) ------- 73440 | Ohlenburgs Huk_---------------- 44620 
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Oigh Sgeir 
Okha 


Oki Gunto 
Okinawa Gunto 


Okino-dait6 Jima 
Okino Shima (Kytsht)-- 
Okino Shima (Naikai) --- 


Old Point Comfort 
Old Providence I 
Oldensholm 
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8 
69060, 69070, 69460 


Orang Dan 

Orange Bay 
Orangosinho, Ilha 
Oranjestad (Aruba) 


Oranjestad (Sint Eustatius) 


Orchilla, Punta 


Oregrund 
Orfordness 


Ma 
Orkney Is., 
Orlando, Capo d’ 


Ornskéldsvik 
Oro, Rio de 
Oropesa, Cabo de 
Orrengrund 


Osmussaar __ 
Ostend 


Ostergarn__ 
Ostero [es 


Ostrov, Ostrova (Island, Islands). 


(See proper name.) 
Ostrovnoy, M 
Ostrvo (Island). (See 
name.) 


18200 
45610 
40730 
71420 
83420 
49810 
78340 
47650 
49940 

9600 


- 57950 


INDEX 


Otago Harbor 
Otake Zaki 


Otranto, Capo d’ 
Otway, Cape 


Ovorot, Akra 
Oxelésund 


Oyster 1, (Burma) - 2) sooee = 0810) 
Oyster Rocks (India) 

Pacheca, Isla____ 

Pachena Point 17660 
Pacific, Lesser Islands ofthe_ 92000-95120 
Packs Harbor 


Pago Pago 
Pahang, Sungei 
Pai, Goh 


re Islas 

Pajung, Pulau 

Pak Nam Lang Suan___- 
Pakchan River 

Paker Ort 


Pakhtusova, Ostrova__ 
Pakistan, east coast.__ 
Pakistan, west coast__- 
Pakrineem 

Palabuhan Ratu __- 


Palembang 
Palenque, Punta 


Palfrey Islet 
Palinuro, Capo 
Palliser, Cape 
Palm Beach 
Palm Isles 
Palm Point 


Palmaiola, Isola 

Palmas, Cape (Liberia) 
Palmas, Ilha de (Brazil) 
Palmas, Punta (Mexico) 
Palmeirinhas, Pontadas___ 
Palmer Peninsula 


Panay 
Panay Gulf 


Pandan(Catanduanes) 
Pandan(Luzon) 
Pandang, Pulau 
Pandyan Tivu 
Pangkal, Pulau 


Pangnirtung 
Pankof, Cape 


Pantifito, Isla 

Panual, Punta 

Pan-yang Shan 
Papan, Pulau 


Dp 
Parcel dos Abrolhos____- 
Paredon Grande, Cayo 
Pargo, Ponta do 
Parifias, Punta 


IPAITSDOrOs2: 5-2. 222. Les 
Parry, Cape (Canada) ____________ 
Parry, Kap (Greenland) 
Partridge I. (New Brunswick) ____ 
Partridge Point (Newfoundland) _ 
Pasado, Cabo 
Pasajes de San Juan____ 
Pascagoula 
Pascua, Isla de 

ha 


Pasitanete, Pulau __ 

Paso Largo 

Paso Tortuoso 

Paspebiac 

Pass I. (Newfoundland) 7160 

Pass, South (Mississippi River)___ 12910 

Pass, Southwest (Mississippi 
River) 

Passamaquoddy Bay___ 

Passaros, Ilhéu dos 

Passero, Capo 

Pata Point 


Pata Pino, Uhagsesee. 

Paukaa Point 

Pauwela Point 

Paxoi 

Paz, Ilha da 

Peak I., High 

Pearce Point 

Pearl Bank (Philippine Is. 91190 
Pearl Harbor (Hawaiian Ts. ) iets 20640 
Pearl I. (Nova Scotia) 

Pease I 


Pechiguera, Punta 
Peckford I 

Pedra Branca (Malaya) 
Pedras, Ponta de (Brazil) 
Pedro Blanco (China) | 
Pedro do Sal, Ponta (Brazil) | 
Pedro, Point (Ceylon) 
Pedro Point, Little (Jamaica) 
Pee, Goh 
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Pegasus, Port 
Pegi 


Poking Tao_ 
Pei-yii Shan 
Pekalongan 

Pelagie, Isole 


Pefias, Cabo de (Spain) 
Pencarrow Head 


Pengambengan, Tandjung--- 
P’eng-chia Hsii 

P’eng-hu Lieh-tao 

P’eng-hu Tao 

Penguin I. (Newfoundland) 
Penguin Is. (Newfoundland) 
Penguin Islet 

Penguino, Isla 

Pefiscola 

Penmarc’h, Pointe de 


Penninis H 

Pennsylvania 

Pefién de Velez de la Gomera 

Penrhyn, Cape (Canada) 

Penrhyn I. (South Pacific Ocean) _ peated 


Pentland Firth 
Pentland Skerries 


Pepel 

Pera, Cabo de_--- 
Percy Isles 

Perim I 


Pernambuco 
Pernambuco, Morro 
Perpendicular, Point 
Perroquet I 

pen Gulf 


Leet, Cap--- 


Pescador I. (Philippine Is.) _------ 90820 
Pescadores Is 82700 
Peschanyy, Mys 

Peter First I 

Petersburg 

Petit Manan I_-- 

Petra Branca --- 

Petropavlovsk 

Petsamonvuono_._- 

Ez, F ah 

Phai, K 

Phan Rang, Baie de 


Phassa, Cape 

Phi, Ko 

Philadelphia 

Philip Broke, Kap 
Philippeville (Algeria) _- 
Philippines 

Phillip, Port (Australia) 
Phieva I 

Phoenix I 


INDEX 


Pianosa, Isola (Italy, east coast) __ 
Pianosa, Isola (Italy, west coast) __ 
Piao Chiao 

Piave Vecchia, Porto di______ 
Picacho, Punta del 

Pico, Ilha do 


600 | Picolet, Pointe 


Piedade, Ponta da 

Piedra Point (Philippine Is.)_____ 
Piedras Blancas, Point (California) 
Piedras del Norte, Cayo (Cuba) __ 
Piedras, Punta (Rio de la Plata) __ 
Pierre de Herpin 

Pierres Noires, Chaussée des 
Pigeon Point 

Pilar (Philippine Is.)_-______- 
Pilar, Cabo (Chile) 

Pilier, Ile du 

Pillau 


Pilot Rock (Alaska) 

Pine, Cape (Newfoundland) 
Pine Islet (Australia) 
Pingiiino, Isla 

Pinos, Isla de (Cuba) 

Pinos, Point (California) ___ 
Pinto, Ponta 

Pintu Gedong, Pulau_-_-- 


Pisang, Pulau (Malaya) --- 
Pisang, Pulau (Sumatra) -- 


Pitcairn I 
Pitsunda, Mys- 
Placentia 


Plane, e 


Planier, fle du 
Plata, Puerto (Dominican Re- 
publ 


Plata, Puerto de La (Argentina) -- 
2 


Plata, Rfo de la 

Plateau de Cordouan 

Plateau des Triagoz 

Platte Fougére_____.------ 

Platte Point 

Plymouth (England) 

Plymouth (Lesser Antilles) -- 

Plymouth (Massachusetts) 

Po, Tanjong 

Poelau, Pulau, Pulo (Jsland, 
Rock). (See proper name.) 

P’ohang Dong 

Pohja-Uhtju 

Poildo, Ilha 

Poinsett, Cape 

Point. (See proper name.) 

— Point-au-Fer Reef 

~ Point, East (Prince Edward I.) - 

— Point, North (Prince Edward 1.)- 

- Point of Ardnamurchan 

- Point of Ayre 

— Point of Stoer 

— Point, Southwest (Anticosti I.)- 

— Point, West (Anticosti I.)------- 

— Point, West (Prince Edward I.)- 

— Point, West (Tasmania) 

Pointe (Point). (See proper name.) 

— Pointé-a-Pitre 

— Pointe d’Aily 


- Pointe de |’ Aiguille 
— Pointe de l’Espiguette 
— Pointe d’Itaperina 
- Pointe Noire, Baie de 


Pondichéry 
Ponente Point_-_ 


montiGéologie. 2 2-...5- eee 96450 
Ponta (Point) (See proper name.) 

— Ponta ta Delimara 

Ponza, Isola di 

Porbandar 

Horeupinie, Cape_-__ 


(See proper name.) 
- Port-de-Bouc 
- Port’ Ercole__-- 


- Port-Etienne 

- Port-Gentil 

- Port-Lyautey - ---- 

- Port-of-Spain 

- Port-St.-Louis-du-Rh6éne---_---- 52510 
- aoe ‘Vendres 


Ebene (Australia) 

Portland (Iceland) 

Portland (Maine) 

Portland (Oregon) 

Portland, Bill of (England) __---- 35330 
Portland’ Harbor (England) 

Portland I. (New Zealand) 

Portland Point (J amaica) 


Porto Alegre 

Porto Amboim 

Porto Amélia 

Porto de Leixées 

Porto Grande 

Porto Santa, Dha de----....=.---- 32210 
Porto Seguro 

Portoferraio 

Portofino, Punta di 

Portsmouth (England) 

Portsmouth (New Hampshire)--- 10510 
Portsmouth (Virginia) 17 


Portugese Guinea 
Posesion, Cabo 


Petia Pointe des 

Poulo Condore 

Poulo Gambir 

Poulo Obi, Mes.2..— cs--. ee aven 
Povorotnyy, Mys 

Prab, Goh 

pects Punta 


re Ko 
Prasonisi, Akra 
Prasoudha 
Prassudo Islet 
Pregui¢a 
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Presqu’ile de Kermorvan 
Presqu’ile de Tien Sha 


Pribilof Is 

Prieta, Punta : 

Prim Point (Nova Scotia) 

Prim Point (Prince Edward I.) __ 

Primorsko-Akhtarskaya. 

Prince Christian Sound _ 

Prince Edward I. (Canada) 

Prince Edward I. (Indian Ocean)_ 68000 

Prince Harald Coast 6: 

Prince of Wales, Cape (Alaska) -- 

Prince of Wales I. (Northwest 
“Rerritories) 2 S20e2e ae. oe ere se 

Prince Patrick I 

Prince Rupert 

Prince’s I 

Princesa, Puerto 

Principe, Ilha do 

Prins Karls Forland 

Prior, Cabo 

Prioriio Chico, Cabo 

Probolinggo 

Procida, Isola di 

Proclamation I 


Proliv Yugorskiy Shar 

Promontory, Shantung__- 

Promontory, Southeast 

Prongs Reef. 

Prgven 

Pr¢gven, South 

Providence (Rhode I.)__________- 

ae Isla de (Caribbean 
Sea 


Puerto 
name.) 
— Puerto Rico 


er Bay). (See proper 


Puget Sound__ 


Pula (Yugoslavia) 

Pula, Capo di (Sardinia) 

Pulau, Poelau, Pulo (Island, 
Rock). (See proper name.) 

Pulau-pulau (Islands). (See prop- 


704: 
Poelau, Pulau (Island, 
(See proper name.) 


Punta (Point). (See proper name.) 
— Punta dell’ Alice 


Qeys, Jazireh-ye______ 
Quaco H 
Quarken, North___ 


Quedal, Cabo 

Queen Charlotte Is 
Queensport (Nova Scotia) 
Queenstown (Ireland) 
Queimada Grande, Ilha 
Quemoy I 

Quenard Point_- 

Quepos, Punta_- 


INDEX 


Quita Sueno Bank 

Quobba Point 

Quoddy Head (New Brunswick) - 
Quoddy Head, West (Maine) ___- : 


0 | Quonset Point 


Ra, Ko 


60 | Rabast, Cap de 
bat 


Race, Cape (Newfoundland) 
Race Point (Massachusetts) 
Race Rock (Block I. Sound) ____- 
Race Rocks (British Columbia) __ 
Rachado, Cape 

Rachgoun, Ile 

Rad, Go 

Radford, Monte 


Ragged Point (Lesser Antilles) ___ 
Rag’s I 


Rajpuri Point 
Rakahanga 


9. 
Ras, Ra’s (Cape, (See 


proper name.) 


Point). 


—-Rass Atia 
-Rass Engela 
—-Rass Tourgueness 
-Raz Zorug 
Rasa, Ilha (Brazil) 
Rasa, Isla (Argentina) 
Rasa I. (Philippine Is.) _________- 
Rasa, Punta (Rio de la Plata) ____ 
Rasca, Punta (Canary Is.) - 
Rashgun, Ile 
Raso, Cabo (Portugal) 
PaeDbeley: Strait 

t 


Rathlin I. (Northern Ireland) ____ 
Rathlin O Birne I. (Ireland) _____ 
Ratmanova, Ostrov 

Ratnagiri 

Rattray Head 

Raudhintpur 

Raufarhoéin 

Rauma (Finland) 

Rauna (Norway) 

Ravenna 

Ravns Stor¢é Havns 

Ray, Cape 

Raz, Gros du 

Raz Zorug 

Raza, Ilha 

Razanj, Rt 

Razzoli, Tsola 

Ré, Ile de 


Rebeeea Shoal 
Recife (Brazil) 


RedMSeagae ncaa 66000-66270 


Redonda, Punta 

Redwood City 

Reedy Point 

Reef I. (Burma) 

Reef, North (Australia) - -__- 
Refugio I 

Reinga, Cape 

Reirson I__--_- 


Resolute Bay 
Resolution I 
Resurrection, Cape 
Réunion, Ile de la 
Reval 


Revsnes Puller. 

Reyes, Point 

MeVKIANES - ... eases tees = 
Reykjavik. 22.352 225 ee 
Rhinns of Islay 

Rhir, C 

Rhode I 


Ribadesella 

Ribeirinha, Ponta da 

Riche Point 

Richibucto 

Richmond (California) 
Richmond River (Australia) 
Rico, Puerto 


Riiser-Larsen Peninsula___ 
Rijeka 


Rimskogo-Korsakova, Ostrov____ 
Ringk¢bing 
Ringnes Is 
Rinrawros Point 
Rio, Rio (River). 
name. 
-Rio de la Plata 
-Rio Haina, Puerto 
Riouw, Selat 
Rishiri T6 


(See proper 


River Clyde 
River Humber 


Roatan, Isla 

Robbeneiland 

Robert I. (South Shetland Is.) 
Robert, Point (Channel Is.)______ 
Robert Port (Liberia) 

Roberts, Point (Washington) ___- 
Robertsport (Liberia) | 
Roe, Pointe du 

Roca, Cabo da 

Roca Partida, Punta 
Rochebonne 


Rochon, Cape 

Rock Islet (Ireland) 

Rock, North (Bermuda) 

Rockabill (Ireland) 

Rockaway Inlet (New York) 
Rockhampton (Australia) 

Rockland (Maine) 

Rocky I. (China) 81620 
Rocky Point (British Honduras). 13910 
Rocura, Punta | 
Rédhos 


Index 

No. 
GGA ences sao aes ee 42500 
Rodney, Cape_--_--_-------- --- 19680 
Rodoni, Cape-_---------- 55810 
Rodriguez 1 ..-.2.-2)2 7022 .-- 67200 
ROGgSKAar so... = 220 _-- 43020 
Roi; Cabo: s--22- 5+) 62. Abe se 22730 
Rokobit.+3.2222: --- 83210 
Rokug6 Saki------- --- 86970 
Rolassh6u'das-. 222 2.22 22 63230 
Roman -ROCKMEsssaese — 28S eo 64020 
Romanoff. Point: =:=*==*4==42-=— 19610 
PUG O Teer eee aa oF Se asa > 2 NE 89780 
Rom Dlonyea55a= sass meee sae: ha 89780 
Rompido.eunta delss 22-2 =e 50210 
| POST gate LSet eee 45730 


Ronaldsay, North-__-_- 


Renne (Denmark) 28. 220. -aecset 
Ronneby (Sweden) 


Rosan Cape--n 8 tee eee a 
[ESSA y laces SS ayeeye NR eee eS 


Rosettasar: S ase) of oAlt sep out 
Roseway, Cape....--=---<-=-2===5 
Rosiers, Cap des 
RgsneesiPuller Ss se 2 22s) See 


Ross, Fort (Canada) --_---------- 4600 
Ross 1..(Antarctica)s- 22: ==_9-242s 96300 
Rossel I 

Rosselia, Capo 

Rostock 


Rota (Mariana (Ch ee ae 94870 
Rota (spain), 2-2. eee ee 50260 
Rape siil ene eee Se 
Roter Sand 


Rotterdam 
FRotimest Po ----=- 


movigno.....---- 
Rovinj 


PENG seer Bs 6 OS oe 
Rt (Cape, Point).( See propername. , 
Rubjerg Kontidese. sae OMS 50 
Rudh ORG sesse 
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INDEX 
Index Index 
No. No. 
Sable, Cape (Nova Scotia) ______- 9450 | St.-Louis-du-Rhéne, Port-........ 52510 
Sable I. (Nova Scotia) --._-.-.-- 9070 | St. Lucia (Lesser Antilles) ..._.._- 23500 
Sablon, Pointe du_________ ... 52490 | St. Lucia, Cape (Republic of South 
Sabo Sho_-----......5 .- 82760 PAfrica) Meee tooo one Ok oD 64230 
Sachs Harbor--__---_-- PSY 3520 oninte Malo Meeenn taney ance 48160 
Sacramento (India) ---- 70460 | Saint-Marc, Pointe____________- 22250 
paeratif, Cabo. 2 2ests) it 22 51160 : ay e 
Sacrificios, Islasegittiet 92a.) 21 1349 | Saint-Marcouf, Iles___.----.--___- 48040 
Sada Misakif.2=_----2. 2... . 86040 | Sainte Marie, Ile_--------- -____- 68500 
Saddle I., North- AF SB000 WiSteWharksis: 220.2. 535. eee 12490 
eee ae --- 87100 | Saint-Martin, fle (Lesser Antilles) 23100 
eeear dl --- 61280 | St. Martin, Pointe (France) ______ 49260 
Sas Be P a --- 70580 | St. Mary, Cape (Nova Scotia)... 9520 
S ed rae @___---- --- 50100 | St. Mary Is. (Quebec) __._-______- 7430 
ee > A400 | St. Mary's (Bngland) 3510 
Sali, Fort --- wed ath Vcr pet as OL 
cae oo2+--------------- --- 86890 | St. Marys I. (England)_______-_- 
BO os le --- 81460 | St. Mathieu, Pointe de__- 
St. *Abbs Headenteceseacl SEF Z6200N (See tichaell a. cen One 
St. Alban, Cape__....-.+- SLT 7810i'SainteNazaire..... oo neea eee een 
re part eleie 30 peg pe Pee te St. Nicholas I. (Cape Verde Is.)_.- 33300 
onts Suit ange Ti re 
St. Anns Harbor (Cape Breton I.)_ 8640 pes a tieolas Moke, pare is meek 
St. Anns Head (Wales)_________- 7g49 | Saint-Paul (Ile dela Réunion) __-- 67020 
St. Anns Point (New Zealand)_-_ 80340 | St. Paul, Cape (Ghana) _--. ---__- 62490 
Saint Anthony (Newfoundland)-- 6250 | Saint Paul, Ile (Indian Ocean) ---- 67820 
St. Anthony Head (England)_-__ 35250 | St. Paul I. (Cape Breton I.)_----- 8590 
St. Antonio I. (Cape Verde Is.)--_ 33100 | St. Paul I. (Pribilof Is.)_---.------ 19210 
St Aupustine...-...-=-.-u+--<= 12240 | St. Paul Rocks (Brazil) _---------- 25990 
Saint Barbe Is. (Newfoundland) _ 6340 | St. Pauls Hill (Malaya)---------- 71460 
Ste. Barbe, Pointe rae eee 49280 a ¥ eter Fort ee Sh) aces 39420 
int- aint Peters I. (Borneo) ---------- 76050 
fot ee pee dalate St. Peters I. (Prince Edward I.)-- 8390 
StaBlaize, Cape..4 22a as St. Petersburg (Mlorida)2-- 22 == 12450 
St. Catherines Point (England, Saint-Pierre (Ile dela Réunion) --- 67010 
slevok Wight) sec. .-. eae 35420 | St. Pierre (St. Pierre and 
St. Catherines Point (England, IMiiqueloneis.)c.. -sese see 7010 
SOUtL COASt) ater ose ee cere ee 3 St. Pierre (St. Pierre and 
St. Christopher Miquelonis:) =. 20e2o5-2Seeee= 7000 
St. Clair, Mont Stesimons Uo. -—. ..2..... 28 aa 12130 
SP Croix, Poses eS StsStephen....-.-.-.232 265-2 10120 
St. David's I. -.-.—-- St. Thomas I, (Séo Tomé e 
Saint-Dennis__------.-—-- Principe) <2 ss54 122222 228 63200 
St; Elias, Capet-2<---- _-- St. Thomas I. (Virgin Is.) -------- 22920 
St. sprite ss == == 2 ee SUeLTOpezs 2-2 -----aeon-2 ees 52680 
St. Francis, Cape (Newfound- Saint Tudwals I. West--.--------- 37780 
BRIGG te ae te Bee Se ea eee 6760 | Saint-Valery-En-Caux_-__-------- 7830 
St. Francis, Cape (Republic of St. Vincent (Lesser Antilles) _-_-- 23700 
Pouth A fries) |= Sacer ae an ree 64070 | St. Vincent I. (Cape Verde Is.)--. 33200 
St. Francis I. (Australia) ---.------ 78090 '|| \(Galpan = -.23=2 =- ene teams 
St. George, Cape (Florida) _------ 12520 | Saishu---- 
St. George I. (Mozambique) - - - -- 64490 | Sakai__.__--- 
St. George Reef (California) _----- 16890 | Sakata___--- 
St. George’s (Bermuda) ---------- 31020 | Sakhalin 
Saint Georges (Lesser Antilles)... 23810 | Sakijang Pelepah, Pulau 
St. Georges (Newfoundland) - -_-- FOO NRO: Sern chen ree = Roatan 
Saint-Gildas, Pointe de__.-.------ 48900 | Sakuntji 
St. Gilles sur Vie Sal, Ilha do 
St. Melenscsse. Sal- Rel, Mhéwdo_--- 222. 33520 
Stabler. -<--esn2~4 Sala y Gomez, iC) ee oe 92830 
Sie Dis Cape::2 2 2< Salamaun) » 22-20 ee te ee 92100 
CPG Rey $2 aoe iota a Ss See Salaverry 
Saint-Jacques, Cap (Vietnam) ---- 81470 | Salem_-------- 
St. Jacques I. (Newfoundland) _- 7140 | Salerno------ 


Rumeli Burnu 
mumilijCapesseces--==2--=-2=--" 
UU O Varma ee eee es Beet a 
Ruperts lslase-2 222. - = Sees - ee 
Rusa, Pulau___-.---- 
Russar62=<=-ss- 8 
Russki Zavarot, Mys-- 
Russkiy, Ostrov------- 
RnuUskeniees sesso =e 


Rone Ise(a pane. 2-2 -2c = 
Ryukyu Sho (Taiwan) 
PW Wane eee eee nae Lee 
Riyvingen cose 


Sabalana, Pulaus---.. 2-22 
Sabang (Philippine Is.) ---------- 89470 
Sabang (Sumatra) 72720 
Sabang Point (Philippine Is.)--.. 89790 
Sabina], Punta del--------------- 51180 
Sabine, "Cape (Canada) ---- 
Sabine Passs(Pexas))..-.-----..-. 


St. James, Cape Salerundeoe. ees ce gna 


St.-Jean-de-Luz- ------- Salina Cruz (Mexico) - ----------- 15720 
Sid OO MEOntee. dee ae a a Salina, Isola (Italy)...----------- 54230 
St. John (New Brunswick) Salinas, Cabo de (Balearic Is.)---- 52110 
Stivohn LiGVirginels)).s.-_---=2- 22930 Salinas, Ponta das (Angola) ---- -- 63710 
Saint Johns (Antigua) --_--------- 23260 | Saline Point....------------------ 23820 
Saint John’s (Newfoundland)_--- 6770 | SalinOpolis- ---------------------- 25870 
St. John’s I., East (Malaya) -- ---- 71510 | Salmon Cove Point-_------------- 6740 


St. Johns Point (Florida) --------- 
St. Johns Point. (Northern Ire- 
land) 
St. Johns, Port (Republic of South 
Atriea) sacs. .a2ee2=t) ~ges4 22: - 


iM ES LG tSwee see pene ees 93930 Mdpaliat, 1 es: dus. 2eseeoe eee 25710 
St. Lawrence, Cape (Cape Breton Salvadors. = -342-- ee ee 26240 
ee ees oS 8570) dSalvora, Isla... ---- <==. Seen es 22049700 

St. Lawrence Harbors (Newfound- Salvore;@apostierhs:- ss 55410 
14nd) Meee = ee ese? ee BEE. ee 6950.) Samanaéy Cabo: —_- --=------==--5 22490 
St. Lawrence I. (Alaska) ---------- 19600) | Samarseeos-- s22-22--—=- === 90030, 90090 
St. Lawrence River (Canada)-.-- 7600 | Samar Sea-___--------------------- 90000 
Saint-Woulssa. ee GlGLOU MO aMar Os = ee 92130 
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San Antonio (Chile) 

San Antonio, Cabo (Cuba) 

San Antonio, Cabo (Rio de la 
Plata) 2 271 

San Antonio, Cabo de (Spain) ---- 

San Antonio Oeste (Argentina) _ -- 

San Augustin, Cape 

San Benito (Mexico) 

San Benito, Islas (Mexico) 

San Bernardino Islet 

San Blas (Mexico) 

San Blas, Cape (Florida) 

San Carlos 

San Cataldo, Punta 

San Clemente I 

San Cristobal (Solomon Is.)-___-__- 

San Cristobal, Isla (Archipiélago 
de Col6n) 


Sen Diego (California) 
San Diego, Cabo (Argentina) 
San Domino, Isola 


San Esteban 

San Fernando 

San Francisco 

San Francisco Bay 

San Francisco de Paula, Cabo____ 
San Francisco Solano, Punta__-___- 
San-hsien T’ai 


San Jorge, Cabo 

San José, Cabo (Argentina) 

San J ese de Buenavista (Philip- 
DANG AS:) eter Soc 9 

San José, Isla (Panama) __-_______ 

San J osé, Puerto de (Guatemala) _ 

San Juan (Puerto Rico) 

San Juan Bautista (Chile) 

San Juan, Cabo (Puerto Rico) ___- 

San Juan, Cabo (Rio Muni) 

San Juan del Norte (Nicaragua, 
east coast) 

San Juan del Sur (Nicaragua, west 


San Juan I. (Washington) 
San Juan, Pasajes de (Spain) 
San Juan, Punta (Peru) 
San Lazaro, C 
San Lorenzo, Cabo (Ecuador) __-- 
San Lorenzo, Tsla (Peru) 
San Lucas, fo) 
San Luis Obispo 
San Marco, Capo 5 
San Martin dela Arena (Spain) __- 
San Martin, Isla de (Spain) 
San Miguel (Azores) 
San Miguel de Cozumel (Mexico) _ 
San Miguel I. (Philippine Is.).___ 89810 
San Nicolas I. (California) 16340 
San Nicolas Shoals (Philippine 
Tg.) belt 58. AURORE Oe 89290 
San Pedro (California) 
San Pedro de Macoris (Dominican 
Republic) 
San Pedro, Isla (Chile) 
San Pio, Cabo 
San Raineri, Punta 
San Roman, Cabo 
San Salvador 
San Sebastian 
coast) 49 
San Sebastian, Cabo de (Spain, 
east coast) 


INDEX 


San Sebastian, Castillo de (Spain, 
south coast) 50280 

San-tao Chao 

San Telmo, Punta 

San Vicente de la Barquera 

San Vincente, Cabo 

San Vito, Capo (Italy) 

San Vito, Capo (Sicily) 

Sanak 


Sanbore Cay 
Sancho-Kaku 


Sand I. (Midway Is.)____-------- 20910 

Sand Key (Florida) 

Sand Point (Alaska) 

Sand Point (Nova Scotia) 

Sandakan 

Sandalo, Capo 

Sandhammaren 

Sandhamn 

Sandkaas Odde 

SandwichI. (South Pacific Ocean) - 

Sandwich Is.,South (South Atlan- 
tic Ocean) 

Sandy Cape (Australia) _ 

Sandy Cape (Tasmania) _ 

Sandy Hook (New Jersey) ______- 

Sandy I., North (Australia) 

Sangage Entrance, Rio 

Sangamankanda Point 

Sanganeb 

Sangch’uja Do 

Sangihe, Pulau-pulau__ 

Sangkapura 

Sangley Point 

Sanguinaire, Tle 


Sanibel I 

Sankaty Head 

Sansego, Isola__- 

Sansendai I__ 

Santa Ana____ 

Santa Barbara (Ca ia) 

Santa Barbara I. (California) 

Santa Barbara Is. (California) _- 

Santa Catalina I, (California) ____ 

Santa Catalina, Punta (Spain) ___ 

Santa Clara, Isla (Ecuador) 

Santa Clara, Isla (Spain) 

Santa Croce, Scoglio 

Santa Cruz (Argentina) __ 

Santa Cruz (Azores) 

Santa Cruz (California) 

a Cruz de La Palma (Canary 
s 


Sania Cruz I. (California) 

Santa Cruz I. (Solomon Is.) 
Santa Elena, Punta 

Santa Isabel (Fernando Péo) 
Santa Isabel (Solomon Is.) _ - 
Santa Lucia 

Santa Luzia, Ponta de__ 

Santa Magdalena, Isla 

Santa Maria (Cape Verde Is.) 
Santa Maria, Cabo (Uruguay) - -_ 
Santa Maria, Cabo de (Portugal) _ 
Santa iit di Leuca, Capo 


Santa Pola, Cabo de 

Santa Rosa I 

Santa Rosalia 15890 
Santana, Ilha de (Brazil) ___ 25920, 26400 
Santander 4953 


Santapilli 
Santiago, Cape (Philippine Is.)_._ 89340 
Santiago de Cuba (Cuba) 
Santiaguillo, Arrecife 
Santo Agostinho, Cabo 
Santo Antdo, Ilha de 
see ene, (Sado Tomé e Prin- 
cipe 
Santo Antoénio, Ponta de (Brazil)_ 26230 
Santo Domingo 224: 


Sao Nicolau, Ilha de 
Sao Paulo, Morro de 
Sado Pedro e Sado Paulo, Rochedos 


Sado Roque, Cabo de 
Sao Sebastiao, Ilha de i 
Sao Thomé, Cabo de (Brazil)____ 26390 
Saio Thomé, Ilha de (SAo Tomé e 
Principe) 
Sdo Tiago, Ilha de 33700 
Sao Tomé (Sado Tomé e Principe) _ naa) 
Sao Tomé, Cabo de (Brazil) 
Sado Tomé e Principe 
Saio Tomé, Ilha de (SAo Tomé e 
Principe) 63200 
Sao Vicente, Cabo de (Portugal)__ 50090 
Sao Vicente, Ilha de (Cape Verde 
1) See RE, 33200 
Saona, Isla £282 22470 


app 
ants Pulau 
Sarawak 


Sardina, Punta 
Sardinia 
Sarich Point. ____- 


Sark 
Sarkkéluoto 
Saruyama Zaki 
Sarych, Mys 
Sasebo 
Sassandra 


Satelite, ene 
Satumu, Pulau 


74910 
Saunders, oe (New Zealand) __ 80160 
Saunders, Cape (South Georgial.)_ 34110 
Savage I 
Savannah 


Savoonga 
Savudrija, Rt 
Sawakin________ 
Sawazaki Bana 
Sawu, Pulau 


Scalambri, Capo-________ 
Scalpay 

Scapa Bay 

Scaramia, Capo 
Scarborough 

Scatari I 

Sceic el Abu, Isola 
Schanck, Cape | 
Scheveningen 

Schiermonnikoog 
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Scilly Isles 
Sciumma, Isola 
Scoglio d’ Africa 
Scoglio Santa Croce 
Scoresbysund 
Scorno, Punta dello 
Scotch Cap 


Scotland _-__--- 
Scott, Cape 
Scurdie Ness 


Sea of Azov 
Sea Wolfe I__-- 


borne, Punta 

Sebuku, Pulau 

Secche della Meloria 

Secche di Vada 

Seguam I. (Aleutian Is.)_------_- 
Seguin I. (Maine) 

DePlir Ore OFtOns 2 2 oss 


Sein, Chaussée de 


Selat Riouw 

Selat Walea 

Selat-selat Gaspar 
Selatan, Tandjung------ 
Seldovia 

Semarang 

Semau, Pulau 

Sembilan Is 
Sembilangan 
Semi-Ostrovov 


Senequet 

Senetosa, Capo 

Seniavin, Cape (Alaska) 

Sentinel I 

Senyavin Is. (Caroline Is.) ------- 94920 
Sept-Iles (Quebec) 7610 


Sept les, Les (France) -...==<<--- 48210 
Serangoon 71550 
i ..-. 56340 
Serkoluoto ---- 43150 
Sermata, Pulau-pulau 

Serpho I 

Serrana Bank 

Serrat, Cap (Tunisia) 

Serreta, Ponta da (Azores)._-_._ 31610 
Serutu, Pulau 76070 
Sestrice, Ostrvo 

Set’-Navolok, Mys 


INDEX 


Seychelles aoe : 
Seydhisfjordhur____ 


Sfax 
Shab Shakhs, Punta 
Shadwan I 
Shag Rocks 
Shahptr, Bandar-e 
Shakir, Jazirat---_--_- 
Shakotan 
Shallow Wate Is 
Shang-hai 
Shan-hu Tao 


Shepelevski 
Shepstone, Port___- 


Shikotan T6 
Shimabara 


Shinnecock Inlet 

Shiokubi Misaki 

Shiono Misaki 

Shioya Misaki 

Ship Harbor (Nova Scotia) 
Ship I. (Mississippi) 

Ship Shoal (Louisiana) 
Shipunskiy, Mys 


Shoals, Isles of 
Shoalwater, Cape 
Shoalwater Is 
Shokal’skogo, Ostrov 
Shori To 

Shortts I 

Shosei To 


Shumagin Is 
Sialat Point 


Sidero, Cape 
Sidhero, Akra (Greece) 


Sidheros, Akra (Crete)-..-.------- 58260 
Sidi Mogdoul 


Sierra Leone--- ---- 
Sierra Leone, Cape- 
Siete Pecados 
Sigata, Pulau 

Sigli, Cap 


Sim, Cap 
Simao Grande 


Simeulue, Pulau 
Simonstown 
Simrishamn 

Simushir, Ostrov 

Sines, Cabo de 
Singaporevcres eee eoeee 


Sinoe Bay 
Sinop Burnu- 
Sinp’ 

Sint Eustatius 
Sint Nicolaas 


Sinub, Cape 

Siple, Mount 
Siquijor I 

Sir J. Brooke Point 
Siracusa 

Sirik, Tanjong 


Sitkinak I 
Sitrah, Jazirat 


Skala Sivuch’ ya. 
Sia lingowte noe cee eee ee 46600 


Skellig Rocks 
Skerries, The 
Skerryvore 


Skinari, Akra_-___--- 


Sletringen 
Sletterhage 
Slidre Bay 
Sligo 

Slip Point 


Slyne Head 

Smalls, The 

Smith I. (Canada) ---- 
Smith I, (Washington) - 
Smoky Cape 
Smygehuk 

Smyrna 

80 bo Cay, East 
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Sdodra Udde, dlands- 


b 
Sohtksan Do 
Sol, Ponta do (Cape Verde Is. worst 


Solander I 
eseey, Te Soutneee= 
Soller... .----- 
Solomon (Alaska) __ 
Solomon Is, (South Pacific Ocean). 92400 
Sdlvesborg 4 


. 64900, 65120 
65130, 65150 
Sombrero (Lesser Antilles) 
Sombrero Key (Florida) 


Sénderborg 
Sondre Stromfjord 


Sorong, Tandjoeng 
Sorrell, Cape 


Sorve Nina 
Sosnovets, Ostrov 
Sotsuk6 Zaki 
come, Punta___ 


Souter Light 

South Africa, Republic of__ 63900, 64000 
South America, east coast__ 25000-28030 
South America, west coast. 29000-30550 
South Atlantic, Islands of the____ 33900 
South Bishop 

South Brother__ 


South Georgia I__ 
South I 


South Orkney Is 
South Pass 


South Sandwich Is_______________ 34200 
South Shetland Is é 
South Solitary I 
South Stack 
South-West Africa___- 
South Wolf I 
Southampton (England) 
Southampton I. (Canada) 
Southeast Farallon I. 
Southeast Promontory 
Southsea Castle 
Southwest Head (New Bruns- 
wick) 
Southwest Pass 
River) 
Southwest Point (Anticosti I.)_.. 7560 
Sovetskaya Gavan’_______.____._- 84070 
Soya Misaki 
Spadillo, Punta 
Spafar’yeva, Ostrov 
Spain, east coast 
Spain, north coast 
Spain, south coast 


INDEX 


Spain, Port-of- 

Spanish Guinea 

Spanish Sahara 

Spano, Akra 

Spartel, Cap 

Spartivento, Capo (Italy) 

Spartivento, Capo (Sardinia) 

Spathi, Akra 

Spathi, Akra 

Spear, Cape 

Spectacle I 

Spencer, Cape (Alaska) 

Spencer, Cape (New Brunswick) - 

Spencer, Cape (Northwest Terri- 
tories) 

Spencer, Point (Alaska) 


Spitsbergen, West 

Split (Yugoslavia) 

Split, Cape (Nova Scotia) - 
Split Point (Australia) 
Spodsbjerg 


Srigina, Ile 
Staberhuk 
Stack, South 


Starbuck I 

Start Point (England) 
Start Point (Orkney Is.) __ 
Stavanger 


Stefano Point 

Stein Ort 

Stenshuvud 

Stenskar 

Stephens I. (New Zealand) 
Stephens, Port (Australia) ______ 
Stephenville Pond (Newfound- 


Stevns Klint_ 
Stewart I 

Stilo (Poland) 

Stilo, Capo (Italy) __- 
Stinking I 
Stockholm 


Stokksnesis: she. eee eee 
Stolbovoy, Mys 
Stolpmiinde 
Stontica, Rt__- 
Stor Jussar6 
Stora Fjiderigg 
Stora Karls6 
Storbadan 
Storhofdhi 
Storholmen 
Storjungfrun 
Storskjer 
Stralsund 
Stratford Point__ 
Straumnes 
Streaky Bay 
Streymoy 


Strombolicchio, Isolotto 
Stro6mmingsbadan 
Stromo I 


Stromtangen 
Strongili 
Stroomen Kaap 


Struga, Rt 
Strumble Head 


Subi-Ketjil, Pulau 
Subic Bay 
Sucre, Puerto 


00 
SUG alee eae ee 66120, peer) 
Sudan, Port 


Sudest, Tle 
Sudhuroy 
Sueste Point 


6 
58810, 66260, 66270 
Sugarloaf (New Zealand)________ 80750 
Sugarloaf I. (China) 
Sugarloaf Point (Australia) 77160 
Saigenitan’ =). veer eee 83720 
i 83310 
Sukhumiyskiy, Mys 
Sukkertoppen 


Sumba (Indonesia) 

Sumbawa (Indonesia) 

Sumbo (Haeroe Is.).- 85s 
Sumburgh Head 

Summerside 


Sunda Is., Lesser 
Sunda Strait 
Sunderland 

Sundharu 

Sundsvall 

Sungai Gerong 

Sungei Kedah Entrance 
Sungei Pahang 

Sungei Selangor 


Suno Saki 


Str (Lebanon) 
Sur, Point (California) 
Sur-Sari, Ostrov 


Svalbard 
Svalferort 
Svalvogar 
Svartenhuk 
Svartklubben 
Sveagruva 
Svendborg 
Svenner 


Sverdrup, Ostrov 

Sveti Andrija, Ostrvo 
Sveti Ivan na Puéini, Hrid 
Sveti Ivan, Ostrov 


Smortalofits. =. 8.04. ay J 
Svyatoy Nos, Mys 
Swakopmund... ena-es 
Swallow Head (Aleutian Is.) -___- 19070 
Swallowtail (New Brunswick)--- 9910 }, 
Swan I. (Tasmania) -------------- 79020 
Swan Is. (Caribbean Sea)____--_- 22100 


fh a rene cee 


Sweeper Cove_- 
Swettenham, Port--------- 
Swilkie Point See eee Nt Pail OI 
Swimemtunde— -.......-.....-=-.- 


Sydhradalur 
Sydney (Australia) --------- 
Sydney (Cape Breton I.) --- 
Sydpr¢gven 


22S. oe ee eee 
Swink, PNG YS: <5. -s4s2--- 
Mazen’ i; Shané--S. -.....-- 
Ta-hsing-tsan Yen _------ 
fo ae os 


Ta-san-shan Tao- -------- 
Ta-w Beetle MSD cee ex: 
Taba 
Pataren, Isla de (Spain) - 
‘abarka (Tunisia). __.----=-s=22 
'abiteuea.o. -s-----=- 
ablas, ©abo (Chile) ---_.. 2. 29780 
Tablas a (Philippine Is.) -------- 89760 
Table Bay (Republic of South 
PRMACO oso aoe a ee ee 
Table Bluff (California) -_-------- 
Table Cape (Tasmania) ---------- 
Table Head (Quebec) _----------- 
Table I. (Andaman Is.) -_-_-------- 70610 
Taboguilla, Isla 
eabuan, Pulauw_.<2=_- 
Weel to Males se eens nae ewe 
Maekine P oint=-.- 22 22-5 = = 
ae pale = Seer een as <2 se 


Maedong Gangs. -2--2---=------ 
Freliw. ae Oe = «es oot en eee oe 
io VT ae a eee 
Naigu Polnte..+=.--=-=---=---s<- 
Taganak IE en ae Se 
Tagliamento, Punta del_-_-_----- 
MeCOloPOultens aa. = - 22 eee ee 
Tagomago, Isla de.-__------------- 51920 
igo nCiiee ene ssh ae 89120 
Tagus River --------------------- 50040 
Tahiti, fle | peel ee 93420, 93430 
Ma-hsme-tsan Yen. ___o--.-----—- 82410 
WOMUINS 8 onc oa s ee oe te 
Peele tN Secs oo ae ee 
Taiaroa Head 


Mainaron, AKYa_..-----.>-<<=---- 
Matradate: ......-.«eT-..----=<t7- 
Taito Ko__-- 


Majer re Onirsstea= 2 -2- 220s 2-9 === 
Taka Rewataje-.---------- 

Takamatsu 
Takao Ko-_-_- 
DhaKApOUOE Gace oe eee eee ee 
Takashima Misaki 


Taketoyo 
Aionuna Nina: 2202022225 -2-_228 
Makone wethl- so 2-22 ---222-e a= 
Uy BEN 'e(T 2 0 eee ek 
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Taluban River 
Mameandar6= | .2 0-522 
Damar River. =--- === - 


Tamélos, Akra 
Tamerabel, Ensenada de-_-_------ 


Pam PlOO se = 25 ce STR. SESE ae 

Tampurung, Pulau 

Tan-shui Ho-k’ou-- 

PamAamoO, Puerto. — =.= -orerere 

Tanb-e Bozorg, Jazireh-ye-------- 

Tandjoeng, Tandjung, Tanjong 
(Cape, Point). (See proper 
name.) 

Tandjung, Tandjoeng, Tanjong 
(Cape, Point). (See proper 
name.) 

MONO IUNY seas snes ee eee 

- Tandjungpriok--- 

Tanega Shima__-_- 

T’ang-ku-..- ---. 

Manca ashe 8s ona s seas SBS 

"ManmVanyika .. nn o-en2- 24s 22s 

angassent Pong. — 2. --- = 

TON OPS oe eee a aS 

‘iene -kutes 22 oS... -, Feel nea 

Tanguingui Islet 

Tanimbar, Pulau-pulau_--_-.---- 

Mamio, POMC 22- ena e 

Tanjong, Tandjoeng, Tandjung 
(Cape, Point). (See proper 
name.) 

—Tanjong Hantu_----.---..--+-<2 

MS SN A aR Ee A 

‘Wannurab, Wa’s-at-c.—-=--7.-- see 

PRON PtUTAll <<. en ne ne one 

Tan-shui Ho-k’ou-_ 

Tansui Harbor- 

Wang Kely..22--- oso sae oto ame 

apakcvUen 202. ee 

Manhao NOL 10.22 -2---— eae 

AIA, VSG) se case ee ee 

Dappi Saki_-----_- 

TALES eee 22 ae a 58640 

Maraken® -2-.-2- 

Taran, Mys-.----- 

Paranto.--22- su. - 

SAtAWa-.<9s222--- 

Marbat INCSSiasses2s22ssa- sees 

MarhalsOllesas sero sesso esa z ae 


‘Tarkhan, Cape-22-22-222 222.8 
Tarkhankut, Mys-- 


PRRraAg ON a-2s <saee cae ssss TO 
pars), pouituves-s=-2=-ca=-eeae sa 
Tarven eae 22 4afece ees acpahoeeen se 


Wasman:- 124-2224 22SS 2223S 
Tacmafiia: -2-2222252=s-2>< 
Patalan bs. -2n2s222> 2 SUS. 2 ? 
Tateishi Saki-------- 

Mate VGMlaen 22a asesceste cere = 
Matnong POiMtss===2s2=5 ¥s22--- 
Tatoosh I 
Tavolara, Isdlacs+-s-=-4422--- 2 
Tavoy 
Mawan DOK WKOl=2sseeee seer 
Ta-wang-chia Tao-_--.------------ 
Tawau---_------------------------ 


Tekirdag 
PE MAW ive con eset eae Sere 
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SDOUGESP ales = 5 1 OA ES 75680 
Teluk Sinabang---—_2....-1 38 72840 
ehikibebungS- s Aes oS 73050 
Meninste se se sri os2.2. eee 62485 
Memane, Pwulaue so 72890 
Mengerosasne ONt ass ase 33730 
MendratPOmnt sss eae a ee 57350 
Mendrovskd ys ssess2ss5522-ce 57350 
Mened Osidivmsy=eed Bs oes ete 57910 
MonerilenserSs2 9552 seers IY 32600 
Ténés,; Caprsst wsessss 22.52 ae 59710 
Tenggaroh, Tanjong-_------------- 81010 
MenggolPulausssse-s ee 81050 
Mengelow-@hiadssse=- 22-2. 82 22-- 81830 
Tennholmeahecs2< <222-se2-e2e2522 40450 
Meno, Punta: desss22=-7--eeesee se 32610 
WMeD as cewedesbe beek sesseseszecsc2 74830 
MERA PS 2k KOS 822 e252 seesssaeses 3 72120 
iberceira:c oes 2¢ Ssssteeshies esses 31600 
Teriberskiy, Mys:_<22222222-2--= 2670 
FRenneuzentee <2 2225 "52 === aeeee 47510 
Torpeniya, WMiys=" 2-22 sess ee 84310 
‘Terre Negres222 22222 &: - == - ee 49130 
Terrington: -222¢s22scces-2sees--8 6110 
Territories, Northwest - - --------- 3400 
Terschelling 
Tesoro; lsla=====-=- 
Testa, ‘Capo 
Testigo Grande, Isla------------- 23910 
Tetas, Punta 29900 
Tetuan Bay-------- 
oD GS ee ae 
exas Citys... = 

BXOl 2. dw 2st Oe Bee. felatabas 
Thailand, east coast 
Thailand, west coast. _..---.----- 71000 
Thames:(New Zealand)---------- 80680 
Thames, River (England) ------:- 35600 
Thank God Harbor. ----=-------- 1050 
The —. (See proper name.) 
Thessaloniki 
Mhevenard 222 --+ >... -+->4e3 

ee ee ee 

Three Hummock I 
Three Points, Capec = 2222-4. -s=2- 62430 
Thule (Greenland) annette adele. 1110 
Thule I. (South Sandwich Is. ).-. 34220 
Thybor¢gn 46550 
‘Picao Tew. «=. 89820 
Mion Pak. 22) o---e2sasasqscsee ee 82030 
Tien Sha, Presqu’fle de---------- 81700 
TRMGi> Piles peso = eee ae 82030 
Tierra Bomba, [sla-----=---=-=-= 25030 
MNGnOZ0ON 2 ees See Ree 55920 
pres) Baten d0ses.--.465e2455e=ee 63750 
Tikkerasuk I____...-------------- 6080 
Tikus, Pulau (Malaya) 2. aeeette 71220 
Tikus, Pulau (Sumatra) ---------- 72990 
Tillamook WUOCKi2 i222 ab eee. 16970 
Pieiaral M oo. ok 5 Set 32 80080 
Nimbuwé, Whaseteessete es Se === 64410 
‘iinimendorive: 2222s 2-5 seas 44470 
WMINOtiee ses soe vass acca phen se 74700 
DIiniwitnS Glee ==2ea essa se === 58850 
Tinaca Politi 22. =s.2322- sees 90470 
Miniane: 2+ 2222.5 ssi tes 94860 
Mino) isolaidel==s=--2-— == eee 53400 
Tifioso, Cabo_-.-- 51220 
Tipara Reef- -- 
ipssasaeese-s== 
MMpAtaicee=s22n- == ok eee sae 
Miritinil seeaeesseeceecapeseee ees 
ANitanieesesere te see nei eens 
Tiumpan Head 
ARIE is ae ara 
Tjelaka, Pulau 
Tjikoneng, Tandjung------------- 73520 
Rillatjap Sees ee === =e .... 73980 
APMrobONEseea= =e] =~ ee 


Tjukuh Banding 
Tjukuh Belimbing 
IP Oia weet renc feeee acento assy 
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INDEX 
SCS 
Index 
Index ene A 
oO Oo. 
“ oe Hey. Point... 2.2 eee 
Moacomemeeten eee eee ee 23900 | Travemitinde._._--------------- 44500 ae ee ea 
MODINE seer. eee == Tnewllelmee eset eee nt eee nee 81530 Tuskar Rock...----------------- 
Tebrich.....--- Tree I. (Indonesia) 3 
pepo lla Saean- eee Point (Alaska) 
Todhead Poin meknonets se 2225-5 =e =e ence eee 
odowSakl.---------=---- seen Trelde Nes. -- -- 
Todos Santos, Isla_--.--.2-----22. 16039 Prellebore =. suee- bees aes eee 
Moenda Hilanden..--_---.-------- 73600 | Trengganu, Kuala---------------- Mines bjerg cess 
meena EAP DS an wp danaapn ie aed Lhe ae Fy ernie ne TPE ean 47800 Twillingate__ heed ee 
ol Misakl LODO see ec ons a eee ee 
Tokelau Is-_----- Tres Foreas, Cabo de___--------- 59930 que the Northern TE 
Tokuyama Tres Puntas, Cabo_.------------- 14320 | Tybee I---------------------- 
Toky0_.----.---------------- MresvRe yes 182 5- eeeae tee _ 99710 | Tyl6.-_---------------------22-_- 
Tolbukhin-__---------------- Trevose Head_--_----------- _ 38130 | Tyne, River--------------------- 
Tolstik, Mys siawes os des. ----- Bees = ps Be ge eee eee 
Tomie.._._-.---------===-------=-- Triangulo Oeste Arrecife.____----- 13580 | U Do----------------___---_-___- 
Tomil Harbor--- Milestess<_ =. --.--.- eee eae 55370 | U.A.R. (Egypt ) saat Gaza eee 
Tomini Road _-- Trimeson, Akra Udbyhgj 46410 
Tomlee Head------------ Mnincomalee-.-| 2.-.--2-22- Udien Balun Sam Ty: 72950 
Tomoga Shima--.---------------- 2 Prittidads« 2. .8 lsoeenl. sell CM. ae soos 
Tonala___------------------------ Trinidad Head (California) ------ 16880 | Geashik Alii Wet TC Bite 8 5 19360 
oe iil 4 foe Ilha de (South Atlantic 33040 Ujung Sungei Bramei-__--------- 72950 
PRS ORR te COON) Sonn aoa oa OMAGH At re oe en eee 
ae Trinite (Lesser Antilles). 2410 | Ula, ‘Pondjang= ooo 
Tonggyéngny6lbi Do rinity (Newfoundland) --------- BHC 22 sa-vanseknackec eee 
A inrionto,;Ospo0s. 2 =- == == — wa O5U80" MON Teiies = oe on eee 
pnks eve +, | Tripiti, Akra..._-_-...._- NUD gepan'| fseaealig oi eae 
Fonning.----- Tripoli (Lebanon).....----------- 58640 } Ulvéarna.. = 
ARSENE = <---+- seapeiaa Aatk Tripoli (Libya) _....-.-.-- is e500 ltnaeeee Pe eee 
Topo, Ponta do------------------ ID Vistiin: [e~a se ee beeen eee = SEH;933050' | RUA oo ne mea 
Topocalma, Punta--------- Mrivandmim:.:-..---...~--_-.--- 420040) |aWmalakleetl. 00. 112 ane 
Toporkova, Ostrov__------- Urois| Rivierese- senses one _... 7660 | Unalaska________- 
Toppershoedje - - --------- ME POMS $=2 25-2 e- =e eee ---- 40170 lUmdany Puleit. 22 ee 
Tor (Egypt) - ----------- f(prondhelm 2-2 _--. 40660 Understen....../6i Ab ale 2S 
Tor Bay (Nova Scotia) 2 Troubridge Shoal__.........----. 77930 | Undu Point..___._______________- 
Tor Ness (Scotland) --..-.-------- Troulville< -<2025.. 0222 Use 1 teres 49000") "nga Spit inocu 
Torbjdrnskjeer —_------------------ Mrucial!@oast® ieee esessoecsaen a 69120 sUineay Pointe sess. 2 ees 
Tordenskjold, Kap Tai Tse ee, 94030 | Uncelo 8 - 20h ok REG ME) 
PORE OY 2S Sian =-eeeee Tryon, Cape... Slee ete 980 | tinal Loo ueiea yaa 
CLI pee pany Serge Msiang-choutss. eee Lae ee 83060 \Winion Tsoi =0 1 ee ee 
YN ae eect ot ale Misingi@hau see esesse semen eae 82310 | United Arab Republic__________ 58800, 
Torigakubi Sakizeee=-. Nsing-"Paokssceea-coscaacssaeeenes 83050 66210, 66220, 66260, 66270 
moribene, Cabo... 323s0s “ues Maulkceni Jimiaes ee eneneene 88010 | USSR, east coast... ___- 83900, 84400 
Tommentine Blarbor, Cope: ate2-- 8120 | Tsuno Shima.....-.-00-2-2 05-28 86830 USSR, north coaste-2 2222 
BRE aC seg See ennmerineemrecn eee Tsurikake Zaki.__._---.____- 86250 | USSR. south coast___.-.-.-:..2- 57300 
Toro Point..--------~ PSURUGAS 2 soe eee eee eee eee 86940 | USSR, west coast____-.--- 
Horse unita Heese RASS Tsurugi Gaki.-.-.-------2-0-ooe ee 85450 | Unst, North.._...-..--..---2---- 36850 
Torre de Hercules MPeuehim ates ee 86600 | Uomnd Morto, Punta 
Torrecillas, Morro de las- -------- 29510 De a ENS ClO UNI Tae 9630 Upemnivik ’ 
Torres, Cabo Ce alee aes 40610 Tuahina Point sare Oe Sh $0620 | RU polite are ee ee 
Torron, Punta '@es 2s: <2 2222 -~ Suto Tuamotu Archipelago oes Seed 92300 |Uirigas 0. oe 
ce a ae ie ama 431° | Pubbataha Reef...--_---------. 91120 | Urakawa K6.______ 
ae eg Mabigantie Olntaessscessees se oee ae 91020 | Urania I______- 
Montola ee se seo a5 anna see 22950 . echoimarna 
Mortosa, Cabo.—222 a2 2222s" 5-2 61470 |Pmabual, Ple--..--.----_---. =e 02780 |i Scakt ee 83680 
Mortugai(Elaiti)o- 2-2 -------- =e 22230 | Tuguan, Pulau (Celebes) _--__--.- 75690 | Ghipuay 2... 26900, 27020, 
Tortuga, La (Venezuela)-.-------- 25180 | Tuguan, Pulau (Sumatra). --____ BAAD tee: Ostrove 
Tortuga, Punta (Chile) -_-_--_----- 208M Giketoyattikeess= = soot eee i Pp, TS Ne ae 
Porungen 22. is2s5-=---. 8S see 3 lear eee ee eee RUD DU 1 O22 eee eee 
Wsotul Islet. 22.522 ssc se eae ee 
Mory ees teenn =o iO) PRU CO. Se ae ee ee ea Ushant 
Tosca, Punta-------- ¢ Tumba, Ponta de CO ep ac ea ap eR ERE | 
Toshimoe-.----222-2- Mumibes, Punta: .2s eee een 29670 Get’. Belchorolst 1 aaa 
Tossa, Cabo de-_--- DUN Gharmpate 2m eee cee sae ee mae = s Apriewap uses iia Sai2* 
Toston, Punta de Tuna, Punta.____- a = ° ae Free ee i 
Toulinguet (Newfoundland) - ---- 6460) Munda, Pulauess2 2-202 ees 73600 he isa, Sola.’ 2225-85423 5-5-ee 
Toulinguet, Pointe du (France)._ 48450 | Tung-chi Hsii o af Loge csncteaeeaeesa ee 
Mouloneet. 4725 --—- ese s2 cea Ming-ch’ tian Mads... co.eee senna 82850 =e WW 0) 08) 04 Ye eye yer 
Mlloupaneles- =. <5 22-222 -2oe ene 3 Dany Rais EASUS ee ees ee en COU techie 
Tourgueness, Rass Manse: 2 sk ee 82330 oo peOR: - 2522 eh ease 
Tower de Hercules WMiung-tineShan 1. sae ss eenene 82930 oF pa seesedescseeesscaqu lee 
Town, Cape-..----- Mune=vini harnesses. ann ss sane ae peek ape 
Townsend, POrb-s-=-..sde eek Tung Yung Sele iit lasascstecsntaasccancae 
Mownsvilless2. = 2.2. cen ee eee Piniae-chi Esti. ccsss ec eetae aasa -—- Re ee ee rE 
MrabZON.- 22-222 - saan asa saeae=e Tung-ch’iian Tao Wachet Loa.) 2a =2 see 
Mracadigash Point--__-2-----__- Wada, Secche di__-.-.---.22-0..!- 
‘Treelle Nees. _----- iVidend bod aasanss senna unuaaane 
Treena_._--------- Wado, Capo dio iateazee isos sae 
Trafalgar, Cabo-__ Wadsd: 200-2502 een 
Mraléess-csseect Weary, 1 oie Eds a ae 
Tramandaj. -_---- Vagno, Punta__.._-..----..--1_.- 
Tranekeer__—__.__ Walisell Bayt ots eee 96560 
traner Odden .as2c.ccnnnnnsa ie Vaindlo.. <2) ents See a 
Trang, Tanjong-- Wakalapudite {2-2 series 
Trangy-.--.------ WValassaari’t 208 Srwesei os eee 
Mranquebane-.-2—--- sea eane eee VAldOZ iw be cba eee 
Wrapanlonncesos-o ose ee eee 54780 
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Valencia (Spain) 
Valencia I. (Ireland) 


Valletta 

Valparaiso 

Valsérarne 

Vancouver (British Columbia) _-_ 
Vancouver (Washington) 
Vancouver I. (British Columbia) -_ 


Vasil’yeva, Mys 
Vastervik 


Ing 
Velsnies Nakke 
Vela, Cabo de la 


Vendres, Port-- 
Venétiko 


Vengurla Rocks 


Ventspils------- 

Venus, Pointe 

Ver, Pointe de 

Veracruz 

Veraval 

Verde, Cap (Senegal) 

Verde, Cayo (Cuba) 

Verde, Isla (Mexico) 

Verde I. (Philippine Is.) --------- 8 
Verde, Point (Newfoundland) ___- 
Vernon L., Hast: -<-.--.2-5=- Sear 
Vert, Cap (Senegal) 

Verte, Baie (Newfoundland) 


Vesteralen 

Vestfold Hills 

Vestmanna (Faeroe Is.) - ---- 
Vestmannaeyjar (Iceland) --- 
Vestspitsbergen 

Viborg 

Vicente, Point 

Vicos, Cabo 

Victor Harbor 

Victoria (British Columbia) 

Victoria (North Borneo) 

Victoria (Seychelles Group) 

Victoria I. (Northwest Territories) one 
Viejo Francés, Cabo 22500 
Vieques, Isla de 


Vierge, Ile 


g 
Vijayadurg 
Vik 


Vila do Porto 
Vila Real de Santo Antonio 
Vil’cheka, Ostrov 


Villagarcia 

Village Cove 
Villano, Cabo 
Villanueva y Geltrii 
Villefranche 
Vilsandi 


INDEX 


Vv. ae Cabo 
Virgin Is 


yer Ilha da 
Vizagapatam 
Vladivostok 
Vlakke Hoek 
Viaming Head 
auelena 


Vege Cape- 


Volovica, Rt 

Vordingborg 

MOTONOWS IMLVSu2-s- 48 2--= 
Vostochnyy-_--_- 


Vrakhonisis Kaloyéri 
Vrakhos Tourlos 


Wailangilaia 
Waingapu 
Wainwright 
Waipapa Point 
Wajabula. __- 
Wakamatsu 
peekayamace 
Wake I- 
Wakefield. 
Wakeham Bay 
Wakkanai_ 
Walcott, Port 


Wales, Selate: ->.4-eeaasase eo cs 7 


Wales... =<se2242-- 37700, 37930- 
Walrus I_--- 

Walvisbaai 

Wan-jen-t’ui Pi 

Wan-shan Ch’tin-tao 

Wang Lan 

Wang Nai, Goh 

Wanganui. 


Wiandetbunt I2-----.--- 

Wardang IT 

Warden Head 

Wardlaw, Kap 

Warnemiinde 

Warrnambool 
Washington___------ 17020, 17040, 
Washington (District of Colum- 


bia) 
Washington, Cape (Fiji) 
Washington I. 


Wiatenh ull Pointeese=-2.----.2.4 
Watcher, North (Sumatra) 
Watcher I., North (Celebes) - - 


Wiaterlordseet=s esses aste Paeaeze 35 


Watling I 
Wauraltee I 


Weda 
Wedge, Cape (Alaska) 


(North Pacific 
9 


Wedge I. (Australia) 
Wedge I. ee Scotia) 
Wednesday I 

Wei-chou Tao__ 
Wei-hai-wei 

Welles Harbor 
Wellington 
Welmaduwa I--- 
Wen-wei Chou. 


West Chop 

West Indies 

West Ironbound I 

West Nangka 

West Point (Anticosti I.)_---____- 7. 
West Point (Prince Edward I.) _- 
West Point (Tasmania) 7 
West Quoddy Head 

Wiest, Spitsbergents 2 ss- se ae 
Westerhever Sand 
Westermarkelsdorf 

Western Arm ..-........- 
Westernport (Australia) - 


_ Westhoofd 


Westport (Ireland) 
Westport (New Zealand) --- 
Whaleback Reef 
Whangarei 

W hangaroa 

Wharton Reef-_ 


Whirlpool Point 

Whitby 

White Head I 

White Point (Cape Breton I.)____ 
White Point (Labrador) 
White Rock (Australia) 
White Rock (Malaya) 
Whitehaven 

Whitehead _- 

Whittier 

Whittie, Cape... .-censss= 
Wickham, Cape. -_------- 


Wicklow Head 
Wight, Isle of 
Wik 


Wilhelmina Bay-------- 
Wilhelmshaven--.-- 

Willapa Bay 

Willemstad 

Willemstoren----.-.----- 

William Cape-_.-.------- 

Williamstown 

Willoughby: @ape----seee--2----— 77820 
Wilmington (California) ------ 
Wilmington (Delaware) -__------- 11550 
Wilmington (North Carolina)---- 11980 
Wilson Promontory 77. 


Windward Point 
Winter Harbor 


South (New Brunswick) - 
Wolf Rock (England) 
Wollongong 
Womens Bay 
Wonsan Hang 
Wood I. (Maine) 
Wood Is. (Prince Edward I.)----- 
Woodman Point 
Woods Hole 
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icalango Puntauee: soon 2 2 ee 
Wakishiri Jima. =: 222-2 es 


Yarmouth__- 
IVE VATOS So eee eee ee 
hWegorova, MiySi2-- 5-2 eee eee 
Yelizavety, Mys-_-..-------------- 
Yelken Kaya Burnu 
MWemen. = fry eee! 4 208 
Yenikale, Mys 
Mental ee Se 


Yerogombos, hkral SO Re ee 
Wesilkéy Burnie 22 se 


Yeu, Digdiiet-s. ea ar ee 
Yevpatoriyskiy, Mys_-__-------- 57380 
Yin-k’uo-kou Lieh-tao________--_- 82900 
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INDEX 


Wokkatenl 20223 esesencncceee eee 
Yokohama 


Ytre M¢kkalasset 
Yttergrund_- 
Ytterholmen_ 
WY HOPG YONG =<. eo cecncccsep ee 
Yttre Tistlarna__ 
ttre: Vannskurs=--222 =o 2 
Yti-lin 


Yugorskiy Shar, Proliv__--.------ 
Mmgoslaviare. 2 222222422 eee 
Yukon Territory- 
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APPENDIX T 
EXTRACTS FROM TIDE TABLES 


NEW YORK (The Battery), N.Y., 1958 


Times and Heights of High and Low Waters 


FEBRUARY 


JANUARY 


Ht. 


Day Time Ht. | Day~Time 
h. m. jt. . mM. 


Day Time Ht. 


z 
a 
£ 
& 
~ 
< 
=) 


Day Time Ht. 


Ht. 


Day Time 


1200 is noon. 


Heights are reckoned from the datum of soundings on charts of the locality w 


0000 is midnight. 


Time meridian 75° W. 


hich is mean low water. 
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TABLE 2.—TIDAL DIFFERENCES AND OTHER CONSTANTS 


POSITION DIFFERENCES RANGES 
N. PLACE Time Height se 
j Lat. Long. High Tene High thay Mean | Spring | Level 
water water water | water 
1 | 2 f 1 Q ! Ah. mm.) b> feet feet feet Jeet feet 
NEw York—Continued on SANDY HOOK, p. fr 
Long Island, South Side—Continued N. Ww. Time meridian, 76° W. 

Hempstead Bay 
1501 Deep Creek Meadow_______..________- 40 36 | 73 32f +1 02] +1 O9 *0252) || 550552 2.4 2.9 2 
1503 Green Island 2a 4.26-2-- 40 37 | 73 30 +1 22 +1 29 *0. 41 *0. 41 1.9 2.3 0.9 
1505 Cubasland:2<* 2 sia a eee 40 37 | 73 31 +1 08 +1 2 *0. 50 *0. 50 2.3 2.8 1 
1507 Bellmore, Bellmore Creek 40 40] 73 31 +1 29 +1 56 *0. 43 *0. 43 2.0 2.4 1.0 
1509 Neds: Creek... 2¢¢22,.24. 3 Bee Oe 40 37] 73 33 +0 50 +0 52 -1.9 0.0 2.7 3.3 1.3 
1511 Freeport Creek See 2-2 eee 40 38] 73 34 +0 34 +0 27 -1.5 0.0 3.1 3.8 1.5 
1513 Freeport, Baldwin Bay___.__________. 40 38 | 73 35 +0 38 +0 53 —-1.6 0.0 3.0 3.6 1.5 
1515 ongiBeach.© 32252 ee. ee ee eee 40 36] 73 39 +0 19 0 00 —0.7 0.0 3.9 4.7 1.9 
1517 | Long Beach, outer coast_.__.___._______ _. 40 35] 73 39 —0 29 -—0 35 —0.1 0.0 4.5 5.4 2.2 

Hempstead Bay—Continued 
1519 Bast;Rockaway ss 6s seeane nen 40 38 | 73 40 +0 42 +0 45 —0.7 0.0 3.9 cos 9 
1521 Woodmere, Brosewere Bay... _..| 40 37 | 73 42] +0 35 +0 48 —0.7 0.0 3.9 4.7 1.9 
1523 | East Rockaway Inlet__...._.___.____.______. 40 36 | 73 44 —0 06 —0 16 —0.5 0.0 4. 5.0 2.0 

Jamaica Bay 
1525 Plumb Beach Channel.___._______ __. 40 35] 73 55 +0 03 —0 05 +0.3 0.0 4 5.9 2.4 
1527 Barren Island, Rockaway Inlet______. 40 35] 73 53 0 00 —0 06 +0. 4 0.0 5. 6.0 2.5 
1529 Beach Channel (bridge)_____.________. 40 35 | 73 49 +0 38 +0 22 +0.5 0.0 5. 6.2 2.5 
1531 Motts:B asin pus penn eee ee ee 40 37 | 73 46 +0 40 +0 46 +0.8 0.0 5. 6.5 258 
1533 Norton Point, Head of Bay_._______.. 40 38) 73 457 +0 39) +0 43] +08 0.0 5.4 6.5 27 
1535 New York International Airport. ___- 40 37 | 73 47 +0 26) +0 43] +40.7 0.0 5.3 6.4 2.6 
1537 Grassy Bay (bridge)_________________. 40 39] 73 50 +0 44 +0 45 +0.6 0.0 5.2 6.3 2.6 
1539 Canarsiote ae yee. ees) PRP A0r 38 73 «53 +0 2B +0 06 +0.6 0.0 5.2 6.3 2.6 
1541 Mill Basin® 22 2eee. <0 eee ae 40 37) 73 55f +0 20] +0 02] +06 0.0 5.2 6.3 2.6, 

NEw YORK AND NEw JERSEY 
New York Harbor 
E5437 | }Coneyi Island 3... 2eee. Gnomes 40 34/73 59 —0 03 —0 19} +401 0.0 4.7 5.7 2.3 
1545 | Norton Point, Gravesend Bay__________- 40 35} 74 00 —0 03 +0 O1 +0.1 0.0 4.7 5.7 2.3 
1547 | Fort Wadsworth, The Narrows._________- 40 36 | 74 03 +0 02 +0 12 —0.3 0.0 4.3 5.2 2.1 
1549 | Fort Hamilton, The Narrows_____________ 40 37 | 74 02 +0 03 +0 05 +0.1 0.0 4.7 5.7 2.3 
on NEW YORK, p. 62 
155la Bay Ridges... 2eet:-< =). ae. es 40 38 | 74 029 -—0O 24 —0 24]! 40.2 0.0 4.6 5.5 2.3 
1553 | St. George, Staten Island______...______ ---| 40 39] 74 04 —0 21 —0 18 +0.1 0.0 4.5 5.4 22 
1555 | Bayonne, New Jersey... ___ ____________. 40 41] 74 06 —0 19 —0 08 +0.1 0.0 4.5 5.4 2.2 
1557e|kGowanus Baye. pee. ee 8) 40 40] 74 O1 —0 19 =O) 15 0.0 0.0 4.4 5.3 2.2 
1559 | Governors Island__..._...._.___.______. -| 40 42] 74 O1 Olt —0 06! 0.0 0.0 4.4 5.3 2.2 
1561 | New York (The Battery)... ______. 40 42] 74 01 Daily predictions 4.4 5.3 2.2 
Hudson Rivert 
1563 | Jersey City, Pa. RR. Ferry, N.J__...___.. 40 43 | 74 02 +0 07 +0 07 0.0 0.0 4.4 5.3 2:2 
1565 | New York, Desbrosses Street... _ —__- 40 43 | 74 01 +0 10 +0 10 0.0 0.0 4.4 5.3 2.2 
1567 | New York, Chelsea Docks...____._____ _| 40 45 74 #01 +0 17 +0 16 =0.1 0.0 4.3 5.2 2.1 
1569 | Hoboken, Castle Pointy Nido eee 40 45] 74 01 +0 17 +0 16 —0.1 0.0 4.3 5.2 2.1 
1571 | Weehawken, Days PointsNe Jesse seen ae 40 46] 74 O1 +0 24 +0 23 =0:2 0.0 4.2 5.0 2.1 
1573 | New York, Union Stock Yards...._______ 40 47 | 74 00 +0 27 +0 26 One 0.0 4.2 5.0 2.1 
1575 | New York, 130th Street... ...... 40 49 | 73 58 +0 937 +0 35 —0.4 0.0 4.0 4.8 2.0 
1577 | George Washington Bridgess@ .o 2520.3: 40 5! || 73° 57 +0 46 +0 43 =0.5 0.0 3.9 4.6 1.9 
1579 | Spuyten Duyvil, West of RR. bridge ____| 40 53 73 567 +0 58] +0 53 —0.6 0.0 3.8 4.5 1.9 
158i7-Vonkers..:..oi> JAGe@e em 40 56/73 549 +1 09.| +1 10] -0.7 0.0 3.7 4.4 1.8 
1583 aiDobbs; Ferry. = 2 een ee ee 41 01} 73 537 +1 29] +1 40 —1.0 0.0 3.4 4.0 17, 
LOS5=|' Tarrytown). 2... see em ee 41 05 | 73 529 +1 45] +41 54 —1.2 0.0 3.2 3.7 1.6 
*Ratio, 


tValues for the Hudson River above George Washington Bridge are based upon averages for the six months May to October, when 
the fresh-water discharge is a minimum. 


APPENDIX T: EXTRACTS FROM TIDE TABLES 
TABLE 3.—HEIGHT OF TIDE AT ANY TIME 


Time from the nearest high water or low water 


wry Nr noes 
One Win Oo: 
Sle $88 =288 


Duration of rise or fall, see footnote 


Correction to height 


COBWBWNNADAI PRWWHY NEE K OS OCLCOCOO NNAAM Ab hww wNnero™ 
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0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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0 
0 
0 
0 
0 
0 
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1 
1 
1 
1 ‘ 
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WNMNWNHH BHWNNND NNN E RRR ee BPR Ree Ree rR ROOOO COOCOO: 
= 


AUK. PPP PRWWW WHWWWW HNNNNND NNN Keres KH OOoS: 
ox 


OCHO DWAIN MROBAD NN SHEE PW WWWWN NNNNHr pee OO: 
<= 


WWWNHH NEE HO CODDSO WOON NAAN Ahem WHWNND Nero: 
= 
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KH OOMN AMR WHD —~ OOO AUHWND KFOODRA TRON H COBND ahwndr’ 
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Range of tide, sec footnote 
NNNA® PMMA APsase WHWWNH NNN HHOoooy 


F 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

tO. 

yO. 
0. 


esooss SeeSs9 SesSs SSEese SSE9S8S SSSeSS SSESe SSSSSy 
©ecooes Seese Sosss SeSss SESse SSSss SSS SSSSSy 


eoess SeSe9 SSSsS SSSeSes SS999 SESS SSSSS SSSSSy 
Bee Pee PESOS SSSOSD SHSSS SSSSS SSSSS SSSSSry 


Pepe Pe eee Pee peer OOO DS SSO SS SS SSeS SSeeohs 
PNPNNN PNYNDD Pee ee Bee pee POS OS SOSSS SOS SSR 
OOP RW NDE KO DOONN GQaANkw WHNHHKOS COBDON ARPS wwne-’ 
CWWWH NNNNN NNNNDN YPN EE Pee ee Pee oS SSO ssssco’s 
& 
CNH RO CMUNAMD AHKWNHNY KP OCMN NMA WS NHN OH ONNAW Mmonwre” 
CDM AMN PKK OCHO WAMKD KOODG afn—o COW P NK OCOM Oe nr 
MAMA AAS pp Pa Paw WwWWWW WHNNN NN Pree S scessces 
OMWOMW NOOND PWNOHD NOW CONSE NHK OOMD AWnNnNono Naor 
PRAMMA OMA Tapp Pe ROW WHWNN NNNNE Peres SOfSSSSF 


CNOA RD CONTE NOWUG WHOORM NWH OW ®PNHKO NOPNS ONAMWN’ 
NANNN PABAAAANMAA TPS PP PHODWW WNYNNN Neem rosso 


ONONW EH CUMWHE DCUTWH COREY CHAAN COAMPLN CBHBHhN OCHOHNW™ 
DOW WH NNINNA POMBO Tsp PP Pwo WHONNN NN roessot 
CU WH DORN O NMNWOWD ARK ON NWODAR PEON NODBAW rOUNLN’ 
CHOUNS BDUNOWD MNOBDUA NOWBUN CBHUNS BUnNow ANOSBN NOKAN 


BR WWE BwwwH WOWND NNNNHN YN ee Pepe HOoSSS SSSSS 
CaP Pe PEP BO WHWwWHO WHONNN NNNNN Pere pol SOSSS 


Solos Bwwwmn 


= 


Obtain from the predictions the high water and low water, one of which is before and the other 
after the time for which the height is required. The difference between the times of occurrence of 
these tides is the duration of rise or fall, and the difference between their heights is the range of tide 
for the above table. Find the difference between the nearest high or low water and the time for 
which the height is required. : J i ; 

Enter the table with the duration of rise or fall, printed in heavy-faced type, which most nearly 
agrees with tie actual value, and on that horizontal line find the time from the nearest high or low 
water which agrees most nearly with the corresponding actual difference. The correction sought is 
in the column directly below, on the line with the range of tide. 

When the nearest tide is high water, subtract the correction. 

When the nearest tide is low water, add the correction. 
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APPENDIX U 
EXTRACTS FROM TIDAL CURRENT TABLES 


THE NARROWS, NEW YORK HARBOR, N. Y., 1958 


MaxiIMuM 
CuRRENT 


SLack 
, WATER 


Time Vel. 


Time 


FEBRUARY 
a 
Day 


160° true. 
Maximum 
CuRRENT 


e -- ebb, direction 
SLACK 
WATER 


Day 


340° true, 
CurRENT 


MaxImMuM 


f — flood, direction 
SLACK 
WATER 


Day 


Time Vel. 


Time 


Vel. 


Time 


Time 


ANNAN Nana 


JANUARY 


MAxIMUM 
CurRRENT 


SLACK 
WATER 


Day 


Vel. 


Time 


Time 


1200 is noon. 


0000 is midnight. 


° Ww. 


Time meridian 75 
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TABLE 2.—CURRENT DIFFERENCES AND OTHER CONSTANTS 
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SS 
POSITION TIME DIF- | VELOCITY 
FERENCES RATIOS 
No. PLACE 
Maxi- | Maxi- | Maxi- 
Slack mum | mum | mum 
water | current | flood 
Am. Ae om: 


1067 
1069 


1071 


1073 
1075 
1077 
1079 
1081 


1083 
1085 


Hupson River, Midchannel ! 


The Battery, northwest of 
Desbrosses Street 
Chelsea Decks... ¢.¢.27..2-25 2.54224) 22 
Forty-second Street-____-------.------------ 
Ninoety-sixthiStreeto-o!.2-.-. OL. -=2 scl. 


Grants’ Tomb, 123d Street _.:---..-=-22-..- 
George Washington Bridge 
Spuyten Duy vil. 2.2.22 - 4. eo f.0 nse e= == 
Riverdaler. 26. 2-46-80... 9.2 eee 


Tarrytown 
Ossining Wace oot 2 28 Se tot ee 
PIA VeRstra wae eee 2 eee eta eee 
Peekskill 
Bear Mountain Bridge----.-..------------- 


Bighland: Walist 2! 22-62. 42.-<22--2--5--5- 
West Point, off Duck Island_-_------------- 
INewDure lit 5 oe £22k oe et be 
New Hamburg 
Poughkeepele:.2 22. 2.52 ce<ecd- esa: 3H 


NGOS: Pathe: 222th ses sdoakenteecpancsces 
Kangston (Points 223. 225.222 332. .28- 4 - 
Barrytown 
Ot ae ee eee eee 
Silver Polat2. 222 se cnc s28> 5 =-b ses - =e 
Cra 6 5 Se Se ce 2 ee 


New YorK Harsor, Lower Bay 


False: Hook Channel......-..--...-.--=---- 
Sandy Hook and South Channels (junction) - 
Sandy Hook Channel, off Sandy Hook 


Sandy Hook Point, 2 miles W., of (channel) - 


New Dorp Beach, 114 miles south of-_------ 
New Dorp Beach, 134 miles SE, of-__------- 
Hoffman Island, 4 mile west of- - --------- 
Rockaway Inlet Jetty, 1 mile SW. of------ 
Coney Island Channel, west end_--------- 


SanpY Hook Bay® 


Highlands Bridge, Shrewsbury River--_---- 
Seabright Bridge, Shrewsbury River- ----- 


40 
40 


+1 30 
+1 35 
+1 
tel 
+1 


Sas 


+1 45 
+1 45 
+2 00 
+2 05 
+2 25 


+2 40 
+2 55 


+0 25 
+0 55 


ant 
+1 
+1 
+1 45 
+1 50 


SE 


+1 55 
+2 00 
+2 10 
+2 20 
+2 40 
+2 55 


+3 10 
+3 15 


+0 25 
+1 00 


on THE NARROWS, p. 52 
Time meridian, 75° W. 


SS eet 
Nwnwbd bd 


Se Sa Se eet tieg 
DAARAGH 2Or~1 10 oorrn, 


coocce 


ee Or 
a — 


MAXIMUM CURRENTS 


Flood Ebb 
Direc- | Aver- | Direc-| Aver- 
tion age tion age 
(true) | veloc- | (true) | veloc- 
ity ity 
deg knots | deg. | knots 
15 1.5 195 2.3 
10 pee | Fe 2.3 
10 T6322 = 2 2.3 
30 By | Eee 2.3 
30 Vial --eee- 3 2.3 
25 1.64) 235-2 2.3 
20 1.6 200 2.2 
20 Us 6yl- Se =e 2.1 
15 1.4 200 2.0 
10 1-3 HGS =. Sie 
0 i i) © | ae 1.5 
320 OnOUl eZee 1.3 
335 Cr Ya-) | Peete 1,3 
0 4 -) | Sees 12 
0 O; 83)s-225-2 isal 
5 1.0 185 1.2 
10 1.0 5 A | 
5 0.9 te 
5 1.0 1.1 
5 11 1,2 
5 Ve Sticsene = 1.3 
5 1S Hsc2222- 1.6 
10 1344)/5=---25 17 
0 1.5 1.9 
30 LER:y | eee 2.0 
355 64.22... 2.0 
30 Gi sees == 2.0 
350 1.6 1.8 
355 13 1.5 
15 0; Oacowee == 1,2 
20 Ox3 a> =.= 0.8 
(@) (3) 190 0.7 
320 1.8 135 1.4 
300 1.3 115 1.7 
255 1.8 55 1.8 
265 0.6 85 0.6 
225 0.4 30 0.5 
eee (| ape 0.5 
20 0.9 210 0.8 
285 1.2 140 1,4 
295 le 100 1,2 
170 SG esease 2.5 
185 be tg sea 17 


1 The values for the Hudson River are for the summer months, when the fresh-water discharge is a minimum. 

2 In Roundout Creek entrance between lights, eddies on the flood make navigation difficult. Little difficulty will be experienced 
on the ebb. 

3 Current does not flood. 


4 Current is rotary, 


flood; SE. 114 hours after ‘‘Slack, ebb begins’; and SW. 2 hours after maximum ebb. 
5 Flood begins, —1 45™; maximum flood, —1 50™; ebb begins, —0> 15™; maximum ebb, —0+ 50™. 
6 In Sandy Hook Bay (except in southern extremity) the current is weak. 


turning clockwise. It flows NW. at time of “Slack, flood begins” at The Narrows; NE. 1 hour after maximum 


FROM TIDAL CURRENT TABLES 
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TABLE 3.—VELOCITY OF CURRENT AT ANY TIME 
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TABLE B 


Interval between slack and maximum current 


BRS 


zo 
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oD OD OD 


Use Table A for all places except those listed below for Table B. 


pe Cod Canal, Hell Gate, Chesapeake and Delaware Canal and all stations in 


a 
Table 2 which are referred to them. 


Use Table B for C 


y of maximum current 
e for which the velocity 


f-which is immediately before and the other after the tim 


1. From predictions find the time of slack water and the time and velocit 


(flood or ebb), one o 


is desired. 


and enter the top of 
, and enter the side of 
tiply the maxi- 


’ 


current 


ost nearly agrees with this value. 
esired 


st nearly agrees with this value. 


ponding 


to the above two intervals and mul 
be the approximate velocity at the time desired. 


he above slack and the time d 


ch mo: 


, the factor corres 


etween the above slack and maximum 
een t 


which m 


Find the interval of time betw 


Table A or B with the interval whi 
The reswit will 


Find the interval of time b 
Table A or B with the interval 
4, Find, in the table 
mum velocity by this factor. 


2. 
3. 


Northbound 


6 Ln 
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SPEEDLINES 


10 11 


KNOTS 


12 13 14 15 


15 


New York Harbor 


14 613512 1 40 9 


KNOTS 


7: 


punoguynes 


6 


CURRENT DIAGRAM NEW YORK HARBOR (via Ambrose Channel) 


FROM TIDAL CURRENT TABLES 


Referred to predicted times of slack water at The Narrows. 
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HOURS BEFORE 
FLOOD BEGINS 
AT 

THE NARROWS 


HOURS AFTER |HRS. BEF 
FLOOD BEGINS |EBB BEGINS| 
AT AT THE 
THE NARROWS | NARROWS 


HOURS AFTER HOURS BEFORE HOURS AFTER 
EBB BEGINS FLOOD BEGINS | FLOOD BEGINS 
AT AT AT 


THE NARROWS | TI 


HE NARROWS 


THE NARROWS 


SPUYTEN DUYVIL 


[ah aha" oF a" ahghahgh ghar oh 3h 3h ah qh gh ahakgh 


264+ 2-1,}-—.1-5+ 0-0-4 1-1 


GEORGE WASHINGTON 


t4=0-Q ——1-5—7-2'17—71- 


2 


BRIDGE | 
24 2:2: 1-64— 0:0 -+1,1—1-6—41-14+-0-0 1.6 Sug 
GRANTS TOMB | | | 
22 2:3+-1-1.640.0-— 1:2 1-7 An 2-3+—1-6 40-0 
WEST 96th ST. | | 
20/4—2:35 1-6-4—0.0 1-2 — 1-7} 24 0- 1-6+—2-3-1— 1-6 + 0-0 
W. 42nd ST., PIER 83 ! 
a | 
CHELSEA DOCKS 18}+~—2-3—;—1-6—+-0:0 —1-1—1-6—1-1-40-0) 6+—2:3-+—1-6-0-0 
fea) | 
CANAL ST., PIER 34 ti © | 
|j—2,3 1-6—}0-0}— 1-1} 1-5 —1-1—40-0 + —1-6 + f-2-3-— 1-6 40-0 


THE BATTERY 


STATUE OF LIBERTY 
14 


ROBBINS REEF LT. 
12 


1-1 


10 
THE NARROWS 


CONEY ISLAND 


WEST BANK LT. 


ROMER SHOAL LIGHT 


AMBROSE CHANNEL 
ENTRANCE O 


| 


0:0 


1:6 


—— 14 4 — 001-2 


|-1-4+—90-0 41-1 


q 
T-1+0 1-7 2: 4- 1-74 0-0 -1-1 
/ i. 
} 2 
-0-0-F-1+1 1-6 + 1-1} —0-0 40-9}— 153 
uy 


2 1,712 0:0 


1-4;— 0% 


1-6 |2-3 


010 be “7 


3" gh 2" o" 36 onsr2" 7" (ow 4° oh gh 


16 
gika 


h 51 o” su oh gh 


HOURS BEFORE 
FLOOD BEGINS 
AT 


HOURS AFTER |HRS. BEFORI 
FLOOD BEGINS |EBB BEGIN: 
AT AT THE 


THE NARROWS 


HOURS AFTER 
EBB BEGINS 
AT 


THE NARROWS | NARROWS 


THE NARROWS 


HOURS BEFORE 
FLOOD BEGINS 
AT 


HOURS AFTER 
FLOOD BEGINS 
AT 


THE NARROWS 


THE NARROWS 


EXTRACTS FROM NAUTICAL ALMANAC 
ALTITUDE CORRECTION TABLES 10°-90°—SUN, STARS, PLANETS 


OCT.-MAR. SUN APR.-SEPT. 


App. Lower u 
Alt. Limb Limb 


App. Lower u 
Alt. Limb Limb. 


APPENDIX V 


STARS AND PLANETS 
App. Additional 
Alt. Corr® 


9 34 +10-8 -22-7 
9 45 +10-9 - 22-6 
9 +I11-0 - 22-5 
0 

+I1I-I -22-4 
+11-2 -22-3 
+11-3 -22-2 
+11-4-22-1 
+11+§ -22-0 
+11-6 -21-9 
+11-7 —21-8 
+11-8 -21-7 


56 


+12:3 -21-2 
6 +12°4 -21-1 
+12-§ - 21-0 
+12:6 - 20-9 
+12-7 -20:8 
+12-8 - 20-7 


+13-3 -20-2 
+13°4 - 20-1 
. +13:5 — 20-0 
+13:°6 -19-9 
+13:7 - 19-8 
+13°8 - 19-7 


31 +14-I -19-4 
36 +14:2 -19-3 

6 +14:3 -19:2 
3° 414-4 -191 


3 +14°5 -19-0 


+15+4 -18-1 
+15°+5 — 18-0 
+15-6 -17°9 
+1§-7 -17:8 
+1§-8 -17-7 
+1§-9 -17-6 
+16-0 -17°5 
“ +16-1 ~17-4 


App. Alt. = Apparent altitude = Sextant altitude corrected for index error and dip. 
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+II-§ —21°5 
+11-6 —21-4 
+11-7 —21-3 
+11-8 -21-2 
+II-Q -21-1 
+12:0-21-0 
+12-I -20-9 
+12-2 —20:8 
+12-3 -20-7 
+12-4 -20-6 
+12-5 —20°5 
+12-6 —20-4 
+12:7 —20-3 
+12:8 - 20-2 
+12:9 —20:1 
+13-0 —20:0 
+13-I -19-9 
+13:2 -19:8 
+13-3 - 19-7 

— 19-6 
+13°5 — 19:5 
+13°6 -19-4 
+13°7 —19°3 
+13-8 —19-2 


+14:1 —18-9 
+14:2 - 18-8 
+14-3 -18-7 
+14:4 -18-6 
+14°5§ —18-5 
+14:6 -18-4 
+14°7 — 18-3 
+14:8 -18-a 
+14-9 -18-1 
+15-0 -18-0 
+15+1I -17'9 
5 +15-2 -17:8 
Ra Pie yay 
+15°4-17:6 
al Se Sie 75) 
+1§°6 -17-4 

+15°7 -17°3 
a +15-8 -17-2 
oO +159 -17-1 


13 
33 


35 
20 


17 


50 
31 
31 
5 


17 


1958 
VENUS 


Jan. 1-Jan. 10 


5 ’ 
+0°5 


+0:6 
+0-7 


Jan. 11-Feb. 14 


° 
+0:6 
+07 
+0:8 


Feb. 15-Feb. 21 


° 


+0°5 
+0-6 
+0-7 


20 
31 
Feb. 22—Mar. 9 


+03 


46 
Apr. 5-May 19 


Sept. 4-Dec. 31 


° 


: +0-3 


+ O-k 


80 


APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 1137 


ALTITUDE CORRECTION TABLES 0°-10°—SUN, STARS, PLANETS 


OCT.-MAR. SUN APR.-SEPT. 


MHOIAWA 


= O OANW 


DON ON) ON CACC CA 0 ONE TSE  Pa TS PS NAS 
»v OO DAUNW DAUAW SH 


25:8 


—25°7 
25°5 
25°3 
25-1 
24°9 
24:8 


8-3 
79 
785 
72 
6:8 
6°5 
6-2 
5:8 
5°5 
5:2 
49 
44 
4:0 
a5) 
371 
2:6 


—24:6 
24:4 
24°3 
24:2 
24:0 
239 

— 23:8 
23:6 

10:0) 23°5 
IO'I 23:4 
10°2 23°3 
10:3 23:2 


+10°4 -—23:1 | +10°2 
10:5 23:0 10:3 22-7 
10:6 22-9 10°4 22:6 
10:7 22-8 10°§ 225 
10:8 22-7 10:6 22-4 
10:9 22-6 10-6 22-4 


+II‘O —22°5 | +10°:7 —22+3 


Additional corrections for temperature and pressure are given on the following page. 
For bubble sextant observations ignore dip and use the star corrections for Sun, planets, and stars. 


1138 APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 


ALTITUDE CORRECTION TABLES—ADDITIONAL CORRECTIONS 
ADDITIONAL REFRACTION CORRECTIONS FOR NON-STANDARD CONDITIONS 


Temperature 


80° 90° 100°F. 


30° 40°C. 


Pressure in millibars 
SayouI UT aanssaig 


© PrN AM A2ALWwWN Nw MOO, 


ee! 
SALNS 


wwhr Wd 
mond 


> 
i) 


The graph is entered with arguments temperature and Pressure to find a zone letter; using as arguments 
this zone letter and apparent altitude (sextant altitude corrected for dip), a correction is taken from the table 
This correction is to be applied to the sextant altitude in addition to the corrections for standard conditions 
(for the Sun, planets and stars from the inside front cover and for the Moon from the inside back cover) 


APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 1139 
CALENDAR, 1958 
DAYS OF THE WEEK AND DAYS OF THE YEAR 
FEB. | MAR. | APR. MAY JUNE JULY AUG. SEPT OcT. | NOV. DEC. 

3 oak aut ive Bel eae ce ee a 8 el le$ fy 
|b Sle S[6 Sis Sis fle fle Sls 2] 5 ¢ 
TiWiee tT S. 32|S. 60|/Tu. 91|Th.121|8. 152|Tu.182|F. 213/M. 244|W. 274/S. 305|M. 335 
2|Th. 2/8 33/8. 61]W. 92/F. 122|M. 153|W. 183/S. 214) Tu. 245| Th. 275| 8. 306) Tu. 336 
3|/F. 3/M. 34|/M. 62|Th. 93/S. 123|Tu.154| Th. 184} 8. 215|W. 246/F. 276 M. 307|W. 337 
4 S. 4| Tu. 35|Tu.63|F. 94| 8 124|W. 155|F. 185|M. 216|Th.247|S. 277) Tu. 308 Th. 338 
s|s. 5|W. 36/W. 64/S.  95|M. 125|/Th.156|S. 186) Tu.217|F. 248|&. 278 W. 309|F. 339 
6|M. 6|Th.37|Th.65|8. 96/Tu.126|F. 157| 8. 187|W. 218/S. 249 M. 279|Th.310|S. 340 
7 | Tu. 7|F. 38|/F. 66;M. 97|W. 127|S. 158|M. 188|Th.219| 8. 250) Tu. 280 F. 311| 8. 341 
8|W. 8/S. 39/S. 67|Tu. 98|/Th.128/8%. 159|Tu.189|F. 220)M. 251 W. 281/S. 312|M. 342 
9|Th. 9/8. 40/8. 68|W. 99/F. 129)M. 160|W. 190 S. 221| Tu. 252| Th. 282| & 313] Tu. 343 
10 |F. 10|M. 41|M. 69|Th.100/S. 130|Tu.161]Th.191| 8. 222|W. 253 F. 283|M. 314/W. 344 
11 |S. 11|Tu.42]Tu.70/F. ror) &. 131/W. 162|F. 192}M. 223] Th. 254 S. 284| Tu. 315] Th. 345 
12| 8%. 12|W. 43|W. 71/S. 102|M. 132! Th. 163|S. 193] Tu.224|F. 255) 8. 285|W. 316/F. 346 
13 |M. 13|Th. 44|Th.72| 8. 103|Tu.133/F. 164) 8. 194 W. 225|S. 256|M. 286) Th.317|S. 347 
14|Tu.14|F. 45|F. 73|M. 104) W. 134/S. 165 M. 195) Th. 226| 8. 257|Tu.287|F. 318] 8. 348 
15 |W. 15|S. 46|S. 74|Tu.105|Th.135|%. 166|Tu.196|F. 227 M. 258|W. 288|/S. 319|M. 349 
16 |Th.16| 8. 47| 8. 75|W. 106|/F. 136|M. 167) W. 197|S. 228 Tu. 259] Th. 289| &. 320| Tu. 350 
17|F. 17|M. 48|M. 76|Th.107|S. 137| Tu. 168| Th. 198] 8. 229 W. 260|/F. 290|/M. 321|W. 351 
18 |S. 18|Tu.49|Tu.77|F. 108] 8. 138|W. 169|F. 199|M. 230 Th. 261|S. 291] Tu. 322| Th. 352 
19 | %. 19|W. 50|W. 78|S. 109|M. 139|Th.170|S. 200] Tu. 231 F. 262|8. 292|/W. 323|/F. 353 
20 |M. 20| Th.51|Th.79|. 110|Tu.140|F. 171| 8. 201); W. 232 S. 263|M. 293| Th. 324/S. 354 
21 |Tu.21|F. 52|F. 80/M. 111|W. 141/S. 172 M. 202| Th. 233| 8. 264|Tu.294|/F. 325|8. 355 
22 |W. 22/S. 53/S. 81/Tu.112)Th.142| 8. 173|Tu.203/F. 234 M. 265|W. 295/S. 326/M. 356 
23 | Th. 23 54| 8. 82|W. 113|/F. 143|M. 174 W. 204|/S. 235|Tu.266| Th. 296| §. 327) Tu. 357 
24|F. 24|M. 55|M. 83|Th.114|S. 144) Tu. 175 Th. 205| $. 236|W. 267|F. 297/M. 328 W. 358 
25 |S. 25|Tu.56|/Tu.84|F. 115) 145|W. 176 F. 206|M. 237|Th.268|S. 298! Tu. 329| Th. 359 
26 | 8. 26 57|W. 85|/S. 116|M. 146) Th. 177 S  207|Tu.238|F. 269| 8. 299|W. 330 F. 360 
27 |M. 27| Th. 58| Th. 86| 8. 117| Tu. 147 F. 178/ 8. 208|W. 239|S. 270|M. 300 Th. 331|S. 361 
28 |Tu.28|F. 59|F. 87|/M. 118|W. 148|S. 179 M. 209|Th.240| $. 271] Tu.301/F. 332| 8. 362 
29 |W. 29 S. 88|Tu.119|Th.149!8. 180) Tu.210|F. 241 M. 272|W. 302|S. 333|M. 363 
30 | Th. 30 &. 89|W. 120|F. 150;M. 181|W. 211) S. 242 Tu. 273| Th. 303/ 8. 334| Tu. 364 
31 |F. 31 M. 90 San i151 Th. 212! 8. 243! F. 304 ___ |W. 365 

ECLIPSES 


There will be three eclipses, two of the Sun and one of the Moon. 


I. An Annular Eclipse of the Sun, April 19. See map on page 6. 


phase is 7™ 07%. 


II. A Partial Eclipse of the Moon, May 3. 
maximum eclipse 0-02 of the Moon’s diameter is obscured. 
the Pacific Ocean, eastern Asia, the south-eastern part of the Indian Ocean, 


Ill. A Total Eclipse of the Sun, October 12. 


is 5" 118, 


The maximum duration of the annular 


The eclipse begins at 12" 00™ and ends at 12" 26™; at the time of 


It is visible from the western part of North America, 


Australia, and Antarctica. 


See map on page 7. The maximum duration of the total phase 
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1958 MAY 31, JUNE I, 2 (SAT., SUN., MON.) 


ARIES VENUS MARS +0°6 
; G. Ba as 


fate Dec, - Name 


a om 
00 220)35:9 Neo O16 os 598 S) 3' 55:0 Acamar 315 50:1 S 40 28:2 
3! 01 266 596 543) 61 526 21: 7 Achernar 335 58:0 S 57 26:7 
02 282 00-4 53%6| 76 55:2 21% Acrux 173°55':2 §S'62,52-5 
03 297 01:2 ++ 529) 91578 -- 21% Adhara 255 45-4 S 28 55-1 
04 312 02:0 52:2] 107 00-4 21% Aldebaran 291 37:2 N 16 25:5 
05 295 346 06:5 | 327 028 51:5] 122 03-0 21:5 
06 310 34:4 N 9 07:5] 342 0346S 3 50:9] 137 056S 7 21:5] 75 19:5 $21 50:8 | Alioth 166 56:7 N 56 11:3 
S 07 325 34-1 08-5 | 357 04-4 50:2 H 4) 90 22:2 50:8 | Alkaid 153 31:1 N 49 31-4 
08 340 33-9 09:5} “12 05:2 49:5 105 24:8 50:8 | Al Na’ir 28 35:6 S 47 09:5 
A 09 355 33% ++ 10:5) 27060 -+ 488 120 27:5 ++ 508] Ainilam 276 28:7 S 1138 
T 10 10 33-4 11:5] 42 068 48-1 135 30-1 508] Alphard 218 368 S 8 28-9 
U ll (43) SJesuh 12:5] 57 076 47-4 150 328 508 
R 12 40 328N 913-4) 72 0845S 3 46:7 165 35:4 S21 508] Alphecca 126 45:7 N 26 51:3 
D 13 55 32% 14-4] 87 09:2 46:0 180 38-1 50:8 | Alpheratz 358 26-4 N 28 51:5 
A 14 70 32:3 15-4] 102 10-0 45-4 195 40:7 50:8 | Altair 62 48:3 N 8 45:5 
y 15 85 321 ++ 164/117108 +- 447 210 43:4 ++ 50:3] Ankaa 353 56:7 S 42 31:7 
16 100 318 17-4} 132 11:5 44-0 225 46:0 508} Antares 113167 S 26 20-4 
17} 143 41-1}115 315 18-4 | 147 12:3 43-3 240 48:7 50:7 
18 | 158 43-5] 130 313N 9 19-4] 162 1315S 255 51:3 S21 50:7} Arcturus 146 33-2 N19 24-0 
19 | 173 46:0} 145 31-0 20:3 270 54:0 50:7 | Atria 108 55:1 S 68 57:2 
20 | 188 48:5 | 160 30:7 21:3 285 566 50:7 | Avior 254 35:3 S59 122:9) 
21} 203 50:9}175 305 ++ 223 300 59:3 ++ 50:7} Bellatrix 279167 N 6 186 
22 | 218 53-4] 190 30:2 316 02:0 50:7 | Betelgeuse 271 46-4 N 7 23-9 
233 55:8 | 205 29:9 331 046 50:7 
| 00 | 248 58:3} 220 29-7N 9 25:3 346 07:3 S21 50:7} Canopus 264 15:0 S 52 40-6 
Q1 | 264 00-8 | 235 29-4 26:3 1 09:9 50:7 | Capella 281 361 N 45 57:3 
02 | 279 03:2 | 250 29-2 27:2 16 12% 50:7 | Deneb 49 59-4 N 45 07 
03 | 294 05:7 |265 28-9 -- 28-2 31152 ++ 50:7] Denebola 183 15:7 N14 48-3 
04 | 309 08:2 | 280 28-6 29:2 46 179 50:7 | Diphda 349 37% S18 12:8 
05 | 324 10-6 | 295 28-4 30-2 61 20-5 50°7 
339 13:1 |310 28:1 N 9 31:2 2 76 23:2 S21 50-7 | Dubhe 194 42-4 N61 58-7 
354 15:6 | 325 27:8 32:2)|/357 23: 91 258 50-6 | Elnath 279 05:3 N 28 34:3 
9 18-0 | 340 27-6 33-1] 12 24: 106 28:5 50-6 | Eltanin 91 04:9 N51 29-6 
24 2051355 27:3 ++ 34:1] 27 25 121 31:2 50-6 | Enif 34 276 N 9 41-0 
39 23:0] 10 27:0 35:1) 42 25° 136 33:8 506 | Fomalhaut 16 096 S 29 50-4 
54 25-4) 25 267 361] 57 26 151 36:5 50°6 
69 279} 40 265N 9 37:1] 72 27: 166 391 S21 506 | Gacrux 172 46-7 S 56 53-1 
84 30-3} 55 26:2 38:1] 87 28: 181 41:8 506 | Gienah 176 348 S17 18-9 
99 32:8} 70 25:9 39:0 | 102 29: 196 44:4 50:6 | Hadar 149 46:1 S 60 10%6 
114 35:3] 85 25:7 ++ 40:0/117 29 211 47:1 + + 50:6] Hamal 328 47:8 N 23 15:8 
129 37:7 | 100 25:4 41:0 0: 226 49:7 506} Kaus Aust. 84 38:3 S 34 24-2 
144 40-2 ]115 251 42-0 241 52-4 50-6 
159 42:7 |130 249 .N 9 43-0] 162 32:35 256 55:0 S21 50-6} Kochab 137 17:2 N74 19-7 
174 451 |145 24-6 43:9 | 177 33-1 ‘7 50:6 | Markab 14 19% N14 58:8 
189 47-6 | 160 24:3 44-9192 339 +4 Menkar 314 586 N 3 556 
204 50:1 ]175 24:0 ++ 45:9] 207 34:7 0 Menkent 148 56:1 S 36 10-1 
219 52:5 |190 23:8 469 | 222 35:5 Bt Miaplacidus 221 48:8 S 69 33-2 
234 55:0 | 205 23-5 479 | 237 36:3 3 
249 57:5 | 220 23:2N 9 48:8 0 Mirfak 309 40:1 N49 42-7 
264 599 | 235 22:9 49:8 “6 Nunki 76 493 S 26 20:8 
280 02:4 | 250 22:7 50:8 “3 Peacock 54 240 S 56 51:9 
295 04:8} 265 22:4 ++ 51:8 9 Pollux 244 18% N 28 07-6 
310 07:3 | 280 22:1 528 6 Procyon 245 43:3 N 5 19:8 
325 09:8 | 295 218 53:7 124 07-4 196 3 
340 12:2}310 216N 9 54-7 139 099 S 7196] 77 26:9 $21 505 Rasalhague 96 44:5 N12 35:4 
O07 | 355 14-7 | 325 21:3 55:7 154 125 195] 92 29-6 505] Regulus 203 27% N12 10-2 
08) 10 17:2}340 21-0 56:7 169 151 19:5] 107 32:2 50:5 | Rigel 281 52:2 S 8151 
M 09] 25 19:-6]355 207 ++ 576 18417:7 ++ 195/122 349 -. 50:5 Rigil Kent. 140 47:7 S 60 40-0 
© 10} 40221) 10 20-5 58-6 C 137 37:5 50:5 | Sabik 102 59:7 $15 40:4 
N ll] 55 246] 25202 9596 214 22:9 19-4] 152 40:2 50-4 
D 12] 70 27:0) 40 19-9 N10 00-6 229 25:5 S 7 194] 167 42:8S21 50:4} Schedar 350 28:0 N56 183 
A 13] 85 29:5] 55196 01-5 244 28:0 19:3 | 182 45:5 50-4 | Shaula 97 17:7 S 37 04-4 
y 14] 100 31:9] 70 19-4 02:5 259 306 19:3 | 197 48:2 50:4 | Sirius 259 105 S 16 39-7 
15 | 115 34-4] 85191 ++ 03-5 274 33:2 19:3} 212 50: ++ 50-4] Spica 159 147 S$ 10 568 
16 | 130 369] 100 18:8 04:5 0} 289 358 19:2 | 227 53-5 50-4 | Suhail 223 23:1 S 43 16:2 
17 | 145 39:3 05-4 | 147 50:7 10:3 | 304 38-4 19:2 | 242 561 50:4 
18 | 160 418 N10 oe4 162°51:5'S 3 319 40:9 S 7 191] 257 53:8 $21 50-4 Vega 81 066 N 38 44-7 
19 | 175 443 : 334 43-5 19-1) 273 01:4 50:4] Zuben'ubi_ 137 509 S 15 52:2 
20 | 190 46:7 349 461 19-1 | 283 04-1 50:4 Pass 
21} 205 49:2 448-7 ++ 190/303 068 -- 50-4 onate Sima! 
220 51:7 19 51:3 19:0 | 318 09-4 50-4] Venus 331 31-4 
235 54-1 34 539 0 | 333 121 


Jupiter 158540 2 


h m 
7 229 Saturn 97 09:0 


h 

9 

Mars 3196 7 

0 

Mer. Pass. 0 


UPRH 
WMmoe 
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1958 MAY 31, JUNE I, 2 (SAT., SUN., MON.) 


° 


Twilight Moonrise 


Naut. = Civil 


doh 
3100 | 180 38-4 N21 486 4 $14 505 
01 | 195 38:3 48:9 | 4050:0 63 14 583 
02 | 210 38:2 493} 55153 63 15 059 
03 | 225 381 °° 4%7| 69406 62 15134 
04 | 240 38:0 500 | 84058 63 15 20:9 
05 | 255 37:9 50-4 | 98311 62 15 28-2 
06 | 270 37-9 N21 50:8 | 112 563 61 S15 354 
5 07 | 285 37:8 51-1 | 127 21-4 61 15 42:5 
08 | 300 37:7 515 |141 465 61 15 4%5 
A 09 | 315 376 °° 518]156116 61 15564 
T 10 | 330 37:5 52:2 | 170367 60 16 032 
U ll | 345 37:4 526 | 185 01:7 60 16 099 
R 12 0 37°3 N21 52:9 | 199 267 60 $16 165 
D.13'| 15 37:2 53:3 | 213 51:7 59 16 22:9 
A 14 | 30 37:2 536 | 228166 59 16 293 
Y 15] 45371 ++ 540/242 41:5 5-9 16 355 
16 | 60 37:0 54-4 | 257 064 58 16 41:6 
17 | 75 369 54-7 | 271 31:2 5-9 16 47:6 
18 | 90 368.N21 551 | 285 561 5-8 $16 535 
19 | 105 367 55:4 | 300 20:9 5-8 16593 
20 | 120 366 558 | 314 45:7 5-7 17 049 
91 | 135 365 -- 561]329104 58 17104 
150 364 565 | 343 352 5-7 17159 
165 363 568 | 357 599 17 21:2 


180 36:3 N21 57:2 
195 36:2 57:5 


12 246 5-7 S17 263 
26 493 5-7 17 31:4 


02 | 210 361 57:9 | 41140 56 17 363 
03 | 225360 -- 582) 55386 57 17 411 
04 | 240 35:9 586 | 70033 56 17 458 
05 | 255 358 58:9 | 84 27:9 5-7 17 504 
06 | 270 35:7 N21 5%3 | 98526 5-6 S17 548 


07 | 285 356 215%6| 113172 56 17591 Twilight 
08 | 300 355 22000|127418 s6 18033 41 Ee Aiur Nate 
S 09 | 315 354 -- 003]142 064 se 18074 39 : 
U 10 | 330 35:3 00:7 | 156 31:0 56 18113 38 
N ll | 345 35:3 01:0 | 170556 56 18151 37 


185 20:2 56 $18 188 36 
199 448 56 18 22:4 3-4 
214 094 5:6 18 25:8 3-3 
228 34:0 5:5 18 2%1 3-2 
242 58:5 5-6 18 32:3 31 
257 23:1 56 18 35:4 2-9 


271 47:7 5:6 S18 38:3 2-8 
286 123 5:7 18411 2-6 
300 37:0 56 18 43:7 2-6 
315 016 56 18 463 2-4 
329 26:2 5-7 18 48:7 23 
343 509 56 1851:0 21 


358 15:5 5-7 $18 53:1 2-1 
12°40-2 ©5-7) © 18552 1-9 


0 35:2 N22 01-4 
15 35:1 01:7 
30 35:0 02:0 
45 349 -- 024 
60 34:8 02:7 
75 347 03:1 


90 346 N22 03-4 
105 34:5 03:7 
120 34-4 041 
135 34:3 ++ 044 
150 34:2 
165 34:1 


180 34:0 
195°33°9 05:8 


02 | 210339 061] 27049 57 18571 1-7 
03 | 225338 -- 064] 412%6 58 18588 1-7 
04 | 240 33:7 068 | 55544 57 19005 1-5 
05 | 255336 O71 | 70191 58 19020 1-4 
06 | 270 33:5.N22 07-4 | 84 43:9 58 $19 034 1-2 
07 | 285 33-4 078 | 99087 58 19046 1-1 
m 08 | 300 333 081 | 113 335 58 19057 1-0 
— 09 | 315332 ++ 084 | 127 583 59 19 067 0-9 
10 | 330 331 08:7 | 142 23:2 59 19076 0-8 
N 11 | 345 33:0 091 | 156 481 5-9 19 084 0-6 
A 22 0 329 N22 094 | 171130 6-0 $19 0%0 0-5 
13 | 15 328 097 | 185 38:0 6:0 190%5 0-3 
Y 14 | 30327 10-1 | 200 03:0 60 19098 0-3 
15 | 45326 ++ 104] 214 280 61 19101 0-1 
16 60 32:5 10:7 | 228 53:1 61 19102 0-1 
17 | 75 324 11:0 | 243 18:2 61 19101 01 
18 | 90 32:3 N22 11-4 | 257 43:3 62 S$19100 0-3 Sun 
19 | 105 322 11-7 | 272 085 62 190%7 0-6 a 3 
20 | 120 321 12-0 | 286 33:7 63 190%3 05 qn of Time | Mer. 
51 | 135 32:0 -- 123 | 3005%0 63 19 088 06 ooh 12 ass. 
52 | 150 31:9 126 | 315 243 63 12 0°8 a in dail ears 
. 0 | 329496 64 19074 0-9 02 34| 02 30| 1158 
23 | 165 31:8 13-0 | 3 a3 34)).02 26) th 


02 16 | 0212} 11 58 


sp. 158 d 0-3] SO. 164 163 


1142 


<~POUR CHPH 


APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 


1958 JUNE 12, 13, 14 (THURS., FRI., SAT.) 


215 STARS 
Dec. Dec. Name S.H.A. Dec. 
° ‘ ' ° , ° , ° , 
219 05:8 N13 351) 255 51:95 0 37:5] 59 07:1S 7 1421357 49:3 $21 48:8|Acamar 315 50-1 S$ 40 28-2 
234 05:4 35:9] 270 52-7 36:8] 74 096 14:1] 12 52:0 48:7 | Achernar 335 57:99 S57 266 
249 05:0 36:8 | 285 53:5 361] 89 121 141] 27 54-6 48:7 | Acrux 173 55:3 S 62 52:5 
264 04:7 ++ 37:7|300 54-4 -+ 35:41104 146 141} 42 57:3 ++ 48:7 | Adhara 255 45-4 S 28 55:1 
279 04:3 38:6 | 315 55:2 34:8] 119 17-1 14-1} 58 00-0 48-7 | Aldebaran 291 37:2 N16 25:5 
03-9 39-5 | 330 56:0 34:1] 134 19:7 14-1} 73 02-6 48-7 
03-5 N13 40-4) 345 568S 0 33-4/149 22:25 714-1] 88 05:3 $21 48-7 | Alioth 166 568 N 56 11:3 
03-2 41:3 015757 32:7| 164 24-7 14:1 | 103 08-0 48:7 | Alkaid 153 31:2 N49 31-4 
02:8 42:2) 15 58:5 32-0) 179 27:2 14:1/118 10-6 48:7 | Al Na’ir 28 35:5 S 47 09-5 
02:4 ++ 43-1) 3059-3 ++ 31:4]194 29:7 ++ 14-1]133 13:3 -- 48-7 Alnilam 276 28:7 S 1 138 
02:0 44:0) 46 00-1 30-7 | 209 32:2 141/148 15-9 48-7 | Alphard 218 36-9 S 8 289 
01-6 44-9! 61 01:0 30-0] 224 34:8 14-1 | 163 18-6 48:7 
01:3. N13 45:8} 76018S 0 29:3] 239 37:3S 7 14:0]178 21:3 $21 48-7 Alphecca 126 45:7 N 26 51-4 
00-9 46:7] 91 02:6 28-6 | 254 39-8 14:0 | 193 23-9 48:7 | Alpheratz 358 26:3 N 28 51-5 
00-5 47-6| 106 03-4 27:9 | 269 42:3 14:0 | 208 26-6 48-7 | Altair 62 48:3 N & 45:5 
00-1 ++ 485/121 04:3 -- 27-3)284 44:8 -- 14:0]223 293 .- 486 Ankaa 353 566 S 42 31:6 
59:7 49-41 136 05-1 26:0 | 299 47:33 14-0 | 238 31:9 48-6] Antares 113 166 S 26 20-4 
59-4 50:2) 151 05:9 259 | 314 49:8 14-0 | 253 346 48-6 
59:0 N13 51:1] 166 0635S 0 25:2 2-4 14-0 . 48-6 | Arcturus 146 33:2 N19 24-0 
58:6 52:0} 181 07-6 “9 14-0 | 283 39-9 48-6 | Atria 108 55:0 S 68 57-2 
58:2 529 . 14:0 | 298 42-6 48-6 | Avior 234 35:4 S$ 59 22:9 
57:3 + + 538 > 140/313 45:2 +--+ 48-6] Bellatrix 279167 N 618-7 
57:4 54:7 14:0 | 328 47-9 48-6 | Betelgeuse 271 46:4 N 7 23-9 
55:6 14:0 0 48-6 
56:7 N13 56:5 14:0 3 48:6 | Canopus 264 15:0 S 52 40-6 
56:3 57-4) 271 12:5 205} 75 09:9 14:0} 13 55-9 48-6 | Capella 281 36:0 N 45 57:33 
559 58:2 | 286 13: 198] 90 12:4 13-9} 28 58:5 48-6 | Deneb 49 59:3 N45 07:8 
555 13 59-1/}301 14-2 ++ 191/105 15:0 13:9} 44 01:2 ++ 48:6]|Denebola 183 15:8 N14 48:3 
14 00:0 }316 15:0 18-4} 120 17:5 13-9} 59 03:9 48-6 | Diphda 349 375 S$ 18 12:3 
00-9 | 331 15-9 17:3 | 135 20-0 13:9 | 74 06:5 48:5 
308 54:3 N14 018/346 1675S 017-1 5 < 9:2 48:5 | Dubhe 194 42:5 N 61 58-7 
02:7 1175 16-4 | 165 25:0 13-9 |104 11:9 48-5 | Elnath 279 05:3 N 28 34:3 
03:5] 16 18:3 15:7 | 180 27:5 13-9 }119 14:5 48:5 | Eltanin 91 04:8 N51 29:7 
> 04-4) 31192 +--+ 15:0}195 30-0 13-9 }134 17:2 ++ 48-5 | Enif 34 275 N 9 41-1 
8 52:8 05:3] 46 20-0 14-4 | 210 32:5 13-9 1149 19:8 48:5 | Fomalhaut 16 095 S 29 50:3 
06:2 | 61 20:8 13-7 | 225 35-0 139 |164 22:5 48-5 
2:0N14 07-1} 76 21:75 0 13:0]240 37:55 7 13-9]179 25-2 S21 48-5 | Gacrux 172 463 S 56 53-2 
16 08-0] 91 22:5 12:3 |255 40:0 13-9 |194 27:8 48-5 | Gienah 176 348 S$ 17 188 
1:2 08:8 |}106 23:3 11-6 | 270 42:5 13:9 {209 30:5 48-5 | Hadar 149 46:1 S 60 10-6 
08 ++ 09-7 }121 241 ++ 110/285 451 -+ 13:9]224 33:2 + + 48:5 | Hamal 328 47:7 N 23 15:9 
0-4 10-6 | 136 25: 10:3 |300 47-6 13-9 | 239 35:8 48:5 | Kaus Aust. 84 38:2 S 34 24:2 
0-0 11:5 ]151 25:8 09-6 | 315 50-1 13-9 | 254 38-5 48:5 
9-6 N14 12-4 |166 2665S 0 089/330 5265 71391269 41:1 S21 48-5 | Kochab 137 17-4 N74 19-8 
9:3 13-2 |181 27:5 08-3 | 345 55 13-9 | 284 43:8 48-4 | Markab 14195 N 14 58-9 
8-9 14-1 1196 28-3 07-6 0.57 13:8 |299 46:5 48-4 | Menkar 314 58-6 N 3 556 
8:5 ++ 15:0/211 29:1 +--+ 069] 16 00 138 |314 49-1 ++ 48:4] Menkent 143 561 S 36 101 
8-1 15:9 | 226 30:0 06:2} 31 02 13:8 |329 51:8 48-4 | Miaplacidus 221 48:9 S 69 33:2 
7 16:8 | 241 30:8 05:6 ‘ 4:5 48-4 
3N14 176 71 Mirfak 309 40:0 N 49 42-7 
by) 18:5 14 59:8 48-4 | Nunki 76 49:2 S 26 20:8 
5 19:4 30 02:4 48:4 | Peacock 54 23:9 S 56 51:9 
61 ++ 20:3 . 45 05:1 ++ 48-4 | Pollux 244 18-6 N 28 07-6 
57 Zale 138 | 60 07:8 48-4 | Procyon 245 43:33 N 5 19-8 
53 22:0 13:3} 75 10-4 48-4 
4:9 N14 22-9 S 7138] 90 13:1 $21 48-4 Rasalhague 96 44:5 N12 35-4 
4:5 23:7 13:8 |105 15:8 48-4 | Regulus 208 27-6 N12 10-2 
4:1 24-6 138 |120 18-4 48:3 | Rigel 281 52:1 S 8 15:0 
3-7 + 25:5 + 13:8 )135 21:1 + 483 Rigil Kent. 140 47:7 S 60 40-1 
33 26°4 13:8 }150 23-7 48:3 | Sabik 102 59%6 S$ 15 40-4 
(x) 27:2 13:8 |165 26:4 48-3 
2:5.N14 281 180 29:1 S21 48:3 |Schedar 350 27-8 N 56 18:3 
2 29:0 195 31:7 48:3 | Shaula 97 176 S37 04-4 
1:7 29:8 4 48:3 | Sirius 259 1055 S 16 39:7 
13 + 30:7 1 ++ 48:3 | Spica 159 14-7 S$ 10 568 
. 316 48-3 | Suhail 223 23:1 S 43 16:2 
32:4 4 48:3 
128 40-0 N14 33:3 1 S21 48-3 | Vega 81 06:5 N 38 44-7 
‘ : 4 Zuben'ubi 137 50:9 S$ 15 52.2 
0 
7 Venus 318 08-7 
4 Mars 355 23-7 () 55 


Jupiter 159194 19 56 
Saturn 98 05:2 0 04 


<roxrCcCH>u 


90 04:7 
105 04:6 
120 04:5 
135 04:4 
150 04:2 
165 041 


180 04: 
195 03 
210 03: 
225 03: 


255 03: 


270 03 
285 03: 
300 02: 
315 02: 
330 02: 
345 02: 


WYYYWS 


nN 
> 
Oo 
oO 
PR BUG IOCOPWSE WIAam9.eN WEAIDS 


arpwr 
oOuUOWo 
ooo°o°o 


75 01: 


180 00:8 
195 00-7 
210 006 


06:4 
066 


* 06:8 


N23 


06:9 
07-1 
07:3 
07-4 
07°6 


07:8 


07:9 
08:1 
08:2 
08-4 
08:6 


* 08:7 


08:9 
090 
0%2 


0%4 
095 


02, 


N23 


N23 


N23 


N23 


098 
10:0 


10:3 
10-4 


* 106 


10:7 
10-9 
11:0 
11:2 
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“E115 


116 
11:8 
Li9 
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V2:2 


i PZ) 


12:5 
126 
12:8 
12:9 
13-0 


*$13:2 


APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 1143 
1958 JUNE 12, 13, (THURS., FRI., SAT.) 
MOON Twilight Moonrise 
Naut. Civil 14 15 
G.H.A. v hom hom 
° ' ' ° , (93 8) 23 44 23 26 (| 
241 41:3 14-8 N 8 40:2 00 15 | 00 14 | 0015 | 00 18 
256 15:1 14-7 8 49:0 00 26 | 00 30 | 00 38 | 00 50 
270 48:8 14-7 8 57:7 00 34 | 00 43 | 09 56 | 01 14 
285 22:5 14-6 9 06:3 00 42 | 00 54 | 01 10 |} 01 33 
299 56:1 14:7 9 15:0 00 48 | 01 03 | 01 23 | 01 48 
314 298 14-6 9 236 00753) | OL 115) 01) 33502 OL 
329 03-4 145 N 9 321 00 58 | 0118 | 01 42 | 02 12 
343 36:9 14-6 9 40:7 01 03 | 01 25] 01 51 | 02 22 
358 10:5 14-4 9 491 01 06 | 01 30} 01 58 | 02 31 
12 439 14-5 9 576 01 10 | 01 35 | 02 04 | 02 38 
27 17:4 14-4 =610 06:0 01 13] 01 40} 02 10 | 02 45 
41 508 14-4 =10144 01 20 | 01 50 | 02 23 | 03 00 
56 24:2 14-4 N10 22:7 01 26} 01 58 | 02 33 | 03 13 
70 57:6 14-3. =10 31:0 01 31 | 02 05 | 02 42 | 03 23 
85 30:9 14-2 10 393 01 36 | 02 11 | 02 50 | 03 32 
100 04:1 14-3. 10 47:5 01 44 | 02 22 | 03 04 | 03 48 
114 37:4 14-2 10 556 01 51 | 02 32] 03 16 | 04 02 
129 106 14-1 11 03:8 01 57 | 02 41 | 03 27 | 0415 
143 43:7 14:1 N11 118 02 04 | 02 50] 03 39 | 04 28 
158 168 14-1. 11199 02 11 | 03 00 | 03 51 |} 04 43 
172 4%9 14-0 11 27:9 02 19 | 03 11 | 04 05 | 04 59 
187 22:9 14-0 11 358 02 23 | 03 18} 04 13 | 05 08 
201 55:9 14-0 «11 43:7 02 29 | 03 25 | 04 22] 0519 
216 28:9 13-9 11516 02 35 | 03 34 | 04 33 | 05 32 
231 01:8 13-9 N11 5%4 02 42 | 03 44 04 46 | 05 47 
245 347 13-8 12 07:1 02 46 | 03 49 | 0452] 0555 
260 07:5 13-8 =12 14:9 02 50 | 03 55; 04 59 | 06 03 
274 40:3 13-7 12 22:5 02 54] 04 01) 05 07 | 06 12 
289 13:0 13-7 12 301 02 591 04 07! 05 16] 06 22 
303 45:7 13-6 «12 37:7 03 04] 04154 05 26} 06 34 
AY 18:3 13-6 N12 45:2 7- 
50:9 136 1252:7 7- ‘ Ps Twilight Moons 
347 235 135 13 001 7-3 54 seal ea Sie vein? aoe 
1 56:0 134 13 07:4 7-3 54¢ ies 
16 28:4 13-4 ne) 14:7 C m hom 
31 008 13-4 13 22:0 7-2 546 (es) 
45 332 13-3 N13 2%2 7-1 546 
60 05:5 13-3 13 363 7-1 546 
74 37:8 13-2 13 43:4 7-0 546 
89 10:0 13-2 13504 7-0 54:7 64] 22 25 my) i 
103 42:2 13. 13574 6-9 547 62 | 21 49 WI WI 
118 14:3 13-1 14043 69 54:7 23 04 
132 46:4 13-0 N14 11:2 6-8 54:7} N58] 21 03} 2217 MN 
147 18:4 13-0 14180 6-7 547 56| 20 46] 21 48 wn 
161 50°4 12-9 14 247 6-7 547 54] 20 32] 21 26] 23 09 
176 22:3 12:9 14314 6-6 54:7 52 | 20 20} 21 09 | 22 26 
190 54:2 12. 14 38:0 65 ’ 50] 2010} 20 54] 21 59 
205 26:0 14 44:5 6 20 25] 21 14 


225 004 °° 


240 00:3 
255 00:2 


270 00:0 
284 599 
299 598 


N23 


SUAS FGF = 


329 595 
344 594 


359'5%2 
14 5%1 
29 5%0 


N23 


44 589 -- 


59 58:7 
74 58:6 


89 58:5 
104 58:3 


N23 


119 58:2 


134 58-1 
149 57-9 
164 57:8 


$.D. 15:8 


d 


136 
13:7 
13:9 
14-0 
141 
143 
14-4 
14:5 
14-7 
14:8 
14:9 
15:0 
15:2 
15:3 
15:4 
155 
15:7 
15:8 


iO) 
16:0 
16:2 
16:3 
16:4 
165 


Or1 


219 57:8 
234 295 
249 01-1 
263 32:8 
278 04:3 
292 35:8 


307 07:3 
321 38:7 
336 10-1 
350 41:4 
5 126 
19 43:8 


34 15:0 
48 461 
63 17-1 
77 48:1 
92 191 
106 50:0 


121 208 
13 575156 
150 22:3 
164 53:0 
179 236 
193 54:2 


12°6 


12°5 
12°4 


12+2 
12*1 


N14 51:0 6-4 548] N40] 19 29] 20 02} 20 44 
14574 64 548) 35/1915] 1944] 2021 
15 038 63 548| 30) 1902] 19 29] 20 02 
15101 62 548] 20| 18 40| 19 04} 19 33 
15 163 62 549] N10] 18 21] 18 44| 1911 
15 225 61 54:9 0| 18 03 | 18 26] 18 52 

N15 286 60 54:9] S10] 17 46| 18 09] 18 35 
15 346 6-0 549| 2011728] 1752] 18 19 
15 406 5-8 549] 30| 1707] 17 33] 18 03 
15 464 59 549] 35] 1655] 17 23 
15.523 5-7 550| 40| 1641] 1711 
15 58:0 5-7 550] 45] 16 24| 16 58 

N16 03-7 56 55:0) S550] 1604] 16 42 
16 093 5:5 550] 52] 1554] 16 35 
16148 5-5 55:0] 54] 15 43] 16 26 
16 203 5-4 550] 56| 1530] 1617 
16 25:7 5:3 551] 58] 1516] 16 07 
16 31:0 5-2 551 15 56 

N16 36:2 5:2 551 
16 41-4 51 551 SUN 
16 465 5-0 551 Day Eqn. of Time | Mer. 
16 51:5 4-9 55:2 00h 12h | Pass. 
16 56:4 4-9 55:2 EPP Ee ral Sle 
17 01:3 4-8 55:2] 12] 00 28| 00 22] 12 00 

13} 0016) 0010] 1200 
14:9 15:0] 14] 00 04 |[00 03| 12 00 


1144 APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 


STARS, 1958 JANUARY—JUNE 


S.H.A. | Declination 


| 


Mag. Name and No. | | 


_| JAN. | FEB. | MAR. | APR. | May | JUNE | JAN. 
3-1 |y Ursz Minoris + | 129 | 49:1 | 48-5 | 48:0 | 47-7| 47-6 | 47-7 || N. 71 | 58-8 
2-7 |B Libre 131 | 18-8 | 18-5 | 18-3 | 18-2/ 18-1/ 18-1 || S. 9 | 13-7 
3-1 jy Trianguli Aust. | 131] 15-4/ 14-9] 14-4| 14-0| 13-8 | 13-8 || S. 68 | 31-3 
2-8 |B Lupi 136 | 03-3 | 02-9 | 02-7 | 02-5 | 02-4] 02-4 || S. 42 | 57-8 
2:2 |B Urse Minoris 40 | 137 | 18-6] 18-0] 17-5 | 17-2| 17-1] 17-4 || N. 74| 19-3 
2:9 ja Libre 39 | 137 | 51-6| 51-4 | 51-2 | 51-0] §1-0| 51-0] S. 15 | 52-1 
2:6 }€ Bootis 139 | 12-7 | 12-5 | 12-3 | 12-1] 12-1 | 12-1 || N. 27] 14-8 
2:9 |a Lupi 140 | 12-9 | 12-6 | 12-3 | 12-1] 12-0] 12-1 || S. 47 | 12-4 
o-r ja Centauri 38 | 140 | 48-7 | 48-3 | 48-0] 47-8 | 47-7 | 47-7 || S. 60 | 39-6 
2:6 |y Centauri 141 | 47:3 | 47-0 | 46-8 | 46-6 | 46-5 | 46-6 || S. 41 | 58-3 
3:0 |y Bootis 142 | 24:2 | 24-0 | 23-8 | 23-6 | 23-6 | 23-7 || N. 38 | 29-2 
0:2 |a Bootis 37 | 146 | 33-7 | 33°5 | 33-3 | 33:2 | 33-2 | 33-2 || N. 19 | 23-9 
2-3 |9 Centauri 36 | 148 | 56-7 | 56-4 | 56-2] 56-1] 56-1 | 56-1 || S. 36| 09-7 
0-9 |B Centauri 35 | 149] 47-0 | 46-6 | 46-3 | 46-1 | 46-1 | 46-1 || S. 60| 10-0 
3-1 /¢ Centauri 151 | 46-1 | 45-7/ 45-5 | 45-4] 45-4] 45-4] S. 47| 04:8 
2:8 |» Bootis 151 | 49-6 | 49-4] 49:2] 49-1 | 49-1 | 49-2 || N. 18 | 36-3 
1-9 |y Urse Majoris 34 | 1§3| 31°7 | 31-4 | 31-2 | 31-1 | 31-1 31-2 || N. 49 | 31-0 
2-6 /e Centauri + 155 | 41-4 | 41-1 | 40-8 | 40-7 | 40-7 | 40-8 || S. 53] 15-0 
I-2 |a Virginis 33 | 159] 15-1] 14:9| 14-7/ 14:7| 14:7| 14-7] S. 10 | 56-6 
2:2 |¢ Ursz Majoris 159 | 26-4 | 26-1 | 25-9| 25-8 | 25-9 | 26-0 || N. 55 08-3 
2-9 | « Centauri 160 | 26-2 | 26-0 | 25-8 | 25-7] 25-7 | 25-8 || S. 36| 29-4 
3:0 |e Virginis 164 | 58-5 | 58-3 | 58-1 | 58-1] 58-1 | 58-2 || N. r1| 10-9 
2:9 |}a Canum Venat. 166 | 28-9 | 28-6 | 28-5 | 28-4 | 28-5 | 28-6 || N. 38 32°4 
1-7 |€ Urse Majoris 32] 166| 57-1 | 56-8 | 56-6| 56-6 56:6 | 56-8 || N. 56| 10-9 
1-5 |B Crucis 168 | 40-6 | 40-3 | 40-1 | 40-0| 40-1 | 40-3] S. 59| 27-4 
2:9 |y Virginis 170 | 06-8 | 06-6 | 06-5 | 06:4 | 06-4 | 06-5 S. 1] 13-3 
2-4 |y Centauri 17Q/11-7/ 11-4] 11-2] 11-2] 11-2] 11-4] S. 48 | 43-6 
2:9 |a Musce 171 | 19-4| 18-9| 18-7 | 18-6 | 18-8 | 19-0 || S. 68 | 54-1 
2:8 |B Corvi 171 | 57:0] 56-8 | 56-7 | 56-6 | 56-7 | 56-7 || S. 23 | 09-9 
1-6 |y Crucis 31 | 172 | 47-1 | 46-8 | 46-6 | 46-6 | 46-6 | 46-8 || S. 56| 52-5 
I-I Ja Crucis 30 | 173 | 55°5 | 55°2| 55-0] 55-0 | 55-1 | §5-3 || S. 62] 51-8 
2-8 |y Corvi 29 | 176 | 35-0 | 34-8 | 34-7 | 34-7 | 34-7 | 34:8 || S. 17 | 18-6 
2-9 |5 Centauri 178 | 26-9 | 26-6 | 26-5 | 26-5 | 26-6 | 26-7 || S. 50 29:2 
2-5 |y Ursze Majoris 182 | 05-3 | 05-0 | 04:9 | 04:9 | 05-0 | 05-2 || N. 53 | 55°3 
2:2 |B Leonis 28 | 183 | 15-9] 15-7 | 15-6| 15-6 | 15-7 15:8 || N. 14 | 48-2 
2-6 |5 Leonis 192 | O15 | O1-3 | O1-3 | OF-3 | O1-4 | 1-5 || N. 20] 45-0} 45-0 
3:2 | Urs Majoris 193 | 10-0 | 09-8 | 09-7 | 09-8 | 09-9 | 10-1 || N. 44 | 43-3 43°3 
2:0 ja Urse Majoris 27 | 194] 42-3 | 42:0] 41-9| 42-0 42°3 | 42-5 || N. 61 | 58-3 | 58-4 
2:4 |B Urse Majoris 195 | 09:8 | 09-6 | 09-5 | 09:6 | 09-8 | 10-0 || N. §6 | 36-1 | 36-2 
2:8 ju Velorum* 198 | 45-0 | 44-8 | 44-8 | 44-9| 45-0/ 45-2 S. 49 II-9 
3:0 | Carine*t 199 | 37:3 | 37:1 | 37-1 | 37:2 | 37-5 | 37-8 || S. 64] 10-4 
2:3 |y Leonis 205 | 34°7 | 34°5 | 34°5 | 34-6 | 34-7 | 34:8 || N. 20 | 03-0 | 03-0 
I-3 |}a Leonis 26 | 208 | 27-5 | 27-4 | 27-4 | 27-4| 27-5 27:6 || N. 12] 10-1} 10-1 
3:1 |e Leonis 214 | 07'S | 07-4 | 07-4 | 07-5 | 07-6 | 07-7 || N. 23 | 57-8 57:9 
3:0 |N Velorum 217 | 30:0 | 30:0 | 30-0 | 30-2 | 30-5 | 30-7 || S. §6| 51-0] 51-1 
2:2 |}a Hydre 25 | 218 | 36-7 | 36-6 | 36-6 | 36-7 | 36-8 | 36-9 || S. 8 28-7 | 28-8 
2:6 |« Velorum* 219 | 47°1 | 47-0 | 47-1 | 47-3 | 47-5 | 47-7 || S. 54] 49-9| 50-1 
2:2 | + Carine* 220 | 59:7 | 59°6 | 59-7 | 59:9 | 60-2 | 60-5 || S. 59 | 06-0] 06-2 
1:8 |B Carine* 24 | 221 | 47-6 | 47-6 | 47-8 | 48-1 | 48-6 | 48-9 S. 69 | 32-7 32:9 
2:2 |A Velorum* 23 | 223 | 22-6 | 22-6 | 22-6 | 22-8 | 23-0 | 23-1 S. 43 | 15:8 | 16-0 
3-1 | « Urse Majoris 225 | 54°3 | 54:2 | 54:2 | 54:4] 54:6 | 54-7 || N. 48| 12-2 12:3 
2:0 |5 Velorum* 229 | 06-1 | 06-1 | 06-2 | 06-4 | 06-7 | 06-9 || S. 54 | 33-4 | 33-5 
1-7 |e Carine* 22 | 234 | 34°4 | 34-4 | 34-6 | 34-9 | 35-1 | 35-4] S. 59 | 22-6] 22-7 
1-9 |y Velorum* 237 | 55:8 | 55-8 | 55-9 | 56-1 | 56-3 | 56-51] S. 47 | 12-9| 13-1 
2:9 |p Puppis* 238 | 33:1 | 33-1 | 33-2 | 33-3 | 33-5 | 33-6] S. 24] rx-1| 11-2 
2-3 |¢ Puppis* 239 | 27°8 | 27-8 | 27-9 | 28-1 | 28-3 28-4] S. 39 | 53-2 | 53-4 
1-2 |B Geminorum 21 | 244| 18-2 | 18-2 18-3 | 18-4 | 18-5 | 18-6 || N. 28 | 07-6 07:6 
0-5 |a Canis Minoris 20 | 245 | 42-9 | 42-9 43°O | 43-1 | 43:2 | 43-3 ||N. 5| 19-8] 19-8 

* 


Formerly Argus Tt Not suitable for use with H.O. 214 (H.D. 486) 


APPENDIX V: EXTRACTS FROM NAUTICAL ALMANAC 1145 
POLARIS (POLE STAR) TABLES, 1958 
FOR DETERMINING LATITUDE FROM SEXTANT ALTITUDE AND FOR AZIMUTH 

L.H.A. | 240°- | 250°- | 260°— | 270°- | 280°- | 290° | 300°- 20°— ; F f 
ARIES ° ° 5 ; . ? ‘ 3 330°- | 340° | 350°- 

249°| 259°) 269°} 279°| 289°| 299°] 309 329°| 339°| 349°] 359° 
ao ry ao ao ry Qo Qo Qo 

o I 46:6 I 41-0 I 34:0 I 26-1 1 ° 15-6 

I 46-1| 40:3} 33:3) 25-2 15:0 

2 45°6| 39:7) 32:5) 24-4 14:4 

3 45‘1 39°90) 31°7; 23:5 13:8 

4 44°5 38-3 31:0 22:6 13:2 

§ |1 43-9] 1 37-6!1 30:2]|1 21-7/1 0 12-7 

6 43°4| 36:9) 29:-4| 20-9 12-1 

7 42:8 36:2} 28:6] 20-0 11-6 

8 42:2 35°5 27°7 19:1 II-l 

9 41:6 34:8 26:9 18-2 10:6 

10 I 41-0/ I 34-0] I 26-1] 1 17-3] 1 © 10-1 
Lat. a, a, a, a, a, 
0 0:4 0-3 0:2 0:2 o-1 Ov! ‘I 0:3 0-3 0-4 
10 “4 4 3 2 2 “I “I 2 +3 4 “5 
20 a6 “4 3 3 3 2 2 3 “4 "4 5 
30 :5 “5 4 “4 3 g) 3 3 “4 “5 ob) 
40 0's 0'5 0's 0's (oP8) 0-4 0-4 0°5 0'5 05 0:5 
50 6 6 6 6 6 6 6 6 6 6 6 
55 6 7 7. TI %) 7 4) He) 7 7 6 
60 "7 "7 8 8 8 ‘8 +8 +8 +8 "7 "7 
62 O-7 0-8 0:8 0:9 0:9 0-9 0:9 08 0:8 O-7 
64 7 8 ‘9 0:9 1:0 1:0 1:0 ‘9 8 7 
66 8 ‘9 0-9 1:0 1:0 I'l II 0:9 8 8 
68 08 0-9 1-0 Tet Il 1:2 1:2 1-0 0:9 0:8 
Month| a, a, a, a, a, a, a, 
Jan. O°§ 05 0:5 0:5 0:5 0:5 0-7 
Mar. “4 ‘4 3 3 3 3 “4 
Apr. 0-5 oy 0-4 03 03 0-2 03 
June 8 "7 "7 -6 5 “4 2 
July 0-9 0:8 0-8 o-7 0:7 0-6 0-3 
Sept. ‘9 9 ‘9 9 ‘9 9 6 
Oct. 08 0-9 0-9 0-9 0:9 0:9 0-8 
Nov. 7 7 8 8 9 x) 0:9 
Dec. 0°5 0-6 0-6 O:7 0:8 0:8 1-0 

Lat. AZIMUTH 
o 05 0-7 0:8 08 0-9 0-9 09 0-9 0:8 o-7 0-6 0-5 
20 0:6 O-7 0-8 0:9 0-9 1-0 b Ee) 0:9 0:9 0-8 O-7 0:5 
40 0-7 0-9 1-0 Il 1:2 1:2 1-2 1:2 IVI 1-0 0:8 o-7 
50 0:8 1-0 1-2 13 1-4 1-4 1-4 1-4 13 1:2 1-0 0:8 
55 0:9 Il 13 15 1-6 1-6 1-6 1:6 15 13 Il 0:9 
60 Il 13 1°5 1-7 1:8 1-8 18 18 1:7 15 1-3 1-0 
Latitude = corrected sextant altitude —1° + ao + @ + Gs 


The table is entered with L.H.A. Aries to determine the 
dy is taken, with mental interpolation, 
degrees as argument; a, a, are taken, without interpolation, 
latitude and month respectively. ap, a, @, are always positive. 


range of 10°. 


from the upper table with the units of 
from the second and third tables with arguments 
The final table gives the azimuth of Polaris. 


column to be used; each column refers to a 
L.H.A. Aries in 
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60°-119° | 120°-179° | 180°-239° | 240°-299° | 300°-359° 0’-00 | 0’-25 | 0’-50 | 0-75 

h ° h om ° he any ° h m ° h om ° h om , m 8 m s m 8 m 8 

fo) 60 | 4 00 | 120 8 00 | 180 | 12 00 | 240 | 16 00 | 300 | 20 00 0 | 0 00 |0 OI | 0 o2 | 0 03 

fo) 61 | 4 04 | I21 8 04 | 181 | 12 04 | 241 | 16 04 | 301 | 20 04 I | 0 04 | 0 0§ | 0 06 |0 07 

fo) 62 | 4 08 | 122 | 8 08 | 182 | 12 08 | 242 | 16 08 | 302 | 20 08 | 2| 0 08 |0 09 | 0 IO /O IL 

fo) 63 | 4 12 | 123 8 12 | 183 | 12 12 | 243 | 16 12 | 303 | 20 12 3|012)013|0 14/0 15 

° 64 | 4 16] 124 | 8 16 | 184 |,12 16 | 244 | 16 16 | 304 | 20 16] 4]|016/017]0 18 |0 19 

fo) 65 | 4 20] 125 | 8 20] 185 | 12 20 | 245 | 16 20 | 305 | 20 20} § | 0 20/0 21 | 0 22 | 0 23 

fo) 66 | 4 24 | 126 | 8 24 | 186 | 12 24 | 246 | 16 24 | 306 | 20 24] 6 | 0 24 | 0 25 | 0 26 |0 27 

° 67 | 4 28 | 127 8 28 | 187 | 12 28 | 247 | 16 28 | 307 | 20 28 7 | 0 28 | 0 29 | 0 30 |0 31 

° 68 | 4 32 | 128 | 8 32 | 188 | 12 32 | 248 | 16 32 | 308 | 20 32] 8 | 0 32 | 0 33 | o 34 | 0 35 

fo) 69 | 4 36 | 129 | 8 36 | 189 | 12 36 | 249 | 16 36 | 309 | 20 36 | 9 | 0 36 | 0 37 | 0 38 | 0 39 

° 70 | 4 40 | 130 | 8 40] 190 | 12 40 | 250 | 16 40 | 310 | 20 40 | Io | O 40 | 0 41 | 0 42 |0 43 

° 71 | 4 44 | 131 8 44 | 19% | 12 44 | 251 | 16 44 | 311 | 20 44] 11 | O 44 | 0 45 | 0 46 |0 47 

fo) 72 | 4 48 | 132 | 8 48 | 192 | 12 48 | 252 | 16 48 | 312 | 20 48 | 12 | 0 48 | 0 49 | 0 50 Jo 51 

to) 73 | 4 52 | 133 | 8 52 | 193 | 12 52 | 253 | 16 52 | 313 | 20 52 | 13 | O 52 | 0 53 | 0 54 |0 55 

fo) 7414 56] 134 | 8 56] 194 | 12 56 | 254 | 16 56 | 314 | 20 56 |] 14 | 0 56 |0 57 | 0 58 |0 59 

15 | 1 75 | 5 00 | 135 | 9 00 | 195 | 13 00 | 2§§ | 17 00 | 31§ | 21 CO] 15 | I 010 | 1 OF | I O2 | I 03 
16 | 1 76 | 5 04 | 136 | 9 04 | 196 | 13 04 | 256 | 17 04 | 316 | 21 04] 16 | 1 04 | 1 05 | 1 06 |1 07 
17|1 77 | § 08 | 137 | 9 08 | 197 | 13 08 | 257 | 17 08 | 317 | 21 08 | 17 | 1 08 | 1 09 | 1 10 |1 it 
18 | I 78 | 5 12 | 138 | 9 12 | 198 | 13 12 | 258 | 17 12 | 318 | 21 12 | 18 | 1 12 | 1 13 | 1 14 | 1 15 
19 | 1 79 | 5 16 | 139 | 9 16 | 199 | 13 16 | 259 | 17 16 | 319 | 21 16} 19 | 1 16 |X 17 | 1 18 | 1 19 
20 | I 80 | 5 20 | 140 | 9 20 | 200 | 13 20 | 260 | 17 20 | 320 | 21 20 | 20 | 1 20 | 1 21 | 1 22 | 1 23 
21} 1 81 | 5 24] 141 | 9 24 | 201 | 13 24 | 261 | 17 24 | 324 | 21 24 | 21 | 1 24 | 1 25 | 1 26 | 1 27 
22 | 1 82 | 5 28 | 142 9 28 | 202 | 13 28 | 262 | 17 28 | 322 | 21 28 | 22 | 1 28 | 1 29 | 30 | I 31 
23 | 1 83 | 5 32 | 143 | 9 32 | 203 | 13 32 | 263 | 17 32 | 323 | 21 32 | 23 | 1 32 | 1 33 | 1 34 | 1 35 
24) 1 84 | 5 36 | 144 | 9 36 | 204 | 13 36 | 264 | 17 36 | 324 | 21 36 | 24 | 1 36 | 1 37 | 1 38 | 1 39 
25} 1 85 | 5 40 | 145 | 9 40 | 205 | 13 40 | 265 | 17 40 | 325 | 21 go | 25 | 1 go | 1 41 | 1 42 |1 43 
26 | 1 86 | 5 44 | 146 | 9 44 | 206 | 13 44 | 266 | 17 44 | 326 | 21 44] 26 | 1 44 | 1 45 | 1 46 | 1 47 
27 | 1 87 | 5 48 | 147 | 9 48 | 207 | 13 48 | 267 | 17 48 | 327 | 21 48 | 27 | 1 48 | 1 49 | 1 §0 |I 51 
285% 88 | 5 52 | 148 | 9 52 | 208 | 13 52 | 268 | 17 52 | 328 | 21 52 | 28 | 1 52 | 1 53 | 1 54 | 1 55 
29 | 1 89 | 5 56 | 149 | 9 56 | 209 | 13 56 | 269 | 17 56 | 329 | 21 56] 29 | 1 56 | 1 57 | 1 58 |1 59 
30 | 2 90 | 6 00 | 1S0 | 10 00 | 210 | 14 00 | 270 | 18 00 | 330 | 22 00 | 30 | 2 00 | 2 or |2 02 | 2 03 
31 | 2 91 | 6 04 | 151 | 10 04 | 211 | 14 04 | 271 | 18 04 | 331 | 22 04 | 31 | 2 04 | 2 05 | 2 06 |2 07 
32 | 2 92 | 6 08 | 152 | 10 08 | 212 | 14 08 | 272 | 18 08 | 332 | 22 08 | 32 | 2 08 | 2 09 | 2 10 |2 rr 
33 | 2 93 | 6 12 | 153 | 10 12 | 213 | 14 12 | 273 | 18 12 | 333 | 22 12 | 33 | 2 12 | 2 13 | 2 14 |2 15 
34} 2 94 | 6 16 | 154 | 10 16 | 214 | 14 16 | 274 | 18 16 | 334 | 22 16 | 34 | 2 16 | 2 7 lize ou2eto 
35 | 2 95 | 6 20 | 1§§ | 10 20 | 215 | 14 20 | 275 | 18 20 | 335 | 22 20 | 35 | 2 20 | 2 21 | 2 22 | 2 23 
36 | 2 96 | 6 24 | 156 | 10 24 | 216 | 14 24 | 276 | 18 24 | 336 | 22 24 | 36 | 2 24 |2 25 | 2 26 |2 27 
37 |2 97 | 6 28 | 157 | 10 28 217 | 14 28 | 277 | 18 28 | 337 | 22 28 | 37 | 2 28 | 2 29 | 2 30 |2 31 
38 | 2 98 | 6 32 | 158 | 10 32 | 218 | 14 32 | 278 | 18 32 | 338 | 22 32 | 38 | 2 32 | 2 33 | 2 34 |2 35 
39 | 2 99 | 6 36 | 159 | 10 36 | 219 | 14 36 | 279 | 18 36 | 339 | 22 36 | 39 | 2 36 | 2 37 | 2 38 |2 39 
40/2 100 | 6 40 | 160 | 10 40 | 220 | 14 40 | 280 | 18 40 | 340 | 22 40 40 | 2 40 | 2 41 | 2 42 |2 43 
41} 2 TOI | 6 44 | 16x | 10 44 | 224 | 14 44 | 281 | 18 44 | 341 | 22 44] 41 | 2 44 | 2 45 | 2 46 |2 47 
42 | 2 Io2 | 6 48 | 162 | 10 48 | 222 | 14 48 | 282 | 18 48 | 342 | 22 48 42 | 2 48 | 2 49 | 2 50 |2 51 
43 | 2 103 | 6 52 | 163 | 10 52 | 223 | 14 52 | 283 | 18 52 | 343 | 22 52 | 43 | 2 52 | 2 53 | 2 54 ]2 55 
44 | 2 104 | 6 56 | 164 | 10 56 | 224 | 14 56 | 284 | 18 56 | 344 | 22 56 | 44 | 2 56 | 2 57 | 2 58 |2 59 
45 | 3 00 | 105 | 7 00 | 165 | 11 00 | 225 | 15 00 | 285 | 19 00 | 345 | 23 00 | 45 | 3 00 3 OI | 3 02 | 3 03 
46 | 3 04 | 106 | 7 04 | 166 | 11 04 | 226 | 15 04 | 286 | 19 04 | 346 23 04 | 46 | 3 04 | 3 05 | 3 06 | 3 07 
47 | 3 08 | 107 | 7 08 | 167 | 11 08 | 227 | 15 08 | 287 | 19 08 | 347 23 08 | 47 | 3 08 | 3 09 | 3 10 3 11 
48 | 3 12 | 108 | 7 12 | 168 | 11 12 | 228 | 15 12 | 288 | 19 12 | 348 | 23 12 | 48 3 12 | 3 13 | 3 14 |3 15 
49 | 3 16 | 109 | 7 16 | 169 | 11 16 | 229 | 15 16 | 289 | 19 16 | 349 | 23 16 49 | 3 16 | 3 17 | 3 18 |3 19 
3 20 | 110 | 7 20 | 170 | II 20 | 230 | I5 20 | 290 | 19 20 | 350 | 23 20 | 50 | 3 20 | 3 21 | 3 22 3923 

3 24 | IIT | 7 24 | 171 | II 24 | 231 | 15 24 | 291 | 19 24 | 35x | 23 24 | 51 | 3 24 | 3 25 | 3 26 3127 

3 28 | 112 | 7 28 | 172 | 11 28 | 232 | 15 28 | 292 | 19 28 352 | 23 28 | 52 | 3 28 | 3 29 | 3 30 3 31 

3 32 | 113 | 7 32 | 173 | 11 32 | 233 | 15 32 | 293 | 19 32 | 353 | 23 32 | 53 | 3 32 | 3 33 | 3 34 | 3 35 

3 36 | 114 | 7 36 | 174 | 11 36 | 234 | 15 36 | 294 | 19 36 | 354 3 36 | 3 37 | 3 38 | 3 39 

3 40 | IIS | 7 40 | 175 | II 40 | 235 | 15 40 | 295 | 19 4o | 355 3 40 | 3 41 | 3 42 | 3 43 

3 44 | 116 | 7 44 | 176 | 11 44 | 236 | 15 44 | 296 | 19 44 | 356 3 44 | 3 45 | 3 46 | 3 47 

3 48 | 117 | 7 48 | 177 | 11 48 | 237 | 15 48 | 297 | 19 48 | 357 3 48 | 3 49 | 3 50 | 3 51 

3 52] 118 | 7 52 “8 | II 52 | 238 | 15 52 | 298 | 19 52 | 358 3 3 55 

3 56 | 119 | 7 56 | 179 | 11 56 | 239 | 15 56 | 299 | 19 56 359 59 3 57 | 3 58 | 3 59 


The above table is for converting expressions in arc to their equivalent in time ; its main use in this Almanac 
is for the conversion of longitude for application to L.M.T. (added if west, subtracted if east) to give G.M.T. or vice 
versa, particularly in the case of sunrise, sunset, etc. 
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TABLES FOR INTERPOLATING SUNRISE, MOONRISE, ETC. 
TABLE I—FOR LATITUDE 


Tabular Interval Difference between the times for consecutive latitudes 


10° 5° 2° | 5™ Tom 15™/ 20M 25™ 30M | 35m gom 45m | som 55m GoM | TDOSm | yh OM | yh ygm | yh 20m 

° , ° , ° , m m m m m m m m m m m m h m h m h m h m 
0.30 O1§ 006/00 | 1 4. I) )2-.2),|, 2. 2) 12410 02. | 0 02)4)40 028 |'01 02 
1.00.0 30) 0.124) Oy) Soo -Tihe2 g (290) 3463 3 Gali aegede FS 05 05 05 05 
190.9045 0:18.) Bs | Poe (243 6 130) 4.4 SS) Soporte ze oF 07 07 07 07 
200 100 024/1 2 3/4 5 §| 6 7 7! 8 9g 10 10 10 10 10 
230 ©11§ 030/11 2 4] § 6 7} 8 9 9g] 10 I 12 12 13 13 13 
300 I 30 0 36/1 3 4] 6 7 8] 9 10 11/12 13 14] 015 | O15 | 016 | 0 16 
330 145 0942/2 3 #5] 7 8 IO} 11 12 13|]14 16 17 18 18 19 19 
400 200 048|2 4 6] 8 9 11/13 14 1§|16 18 19 20 21 22 22 
430 21§ 0054/2 4 7] 9 It 13/15 16 18/19 21 22 23 24 25 26 
§ 00 230 ©100/2 § 7/{10 12 14] 16 18 20] 22 23 25 26 27 28 29 
§ 30 245 106/3 5 8/11 13 16|18 20 22/24 26 28] 029 | 0 30 | O 31 | O 32 
600 300 1112/3 6 9g] 12 14 17] 20 22 24] 26 29 31 32 33 34 36 
630 315 118/3 6 10] 13 16 19] 22 24 26| 29 31 34 36 37 38 40 
7:00 3 30 3124/3 #7 10/14 17 20/23 26 29] 31 34 37 39 41 42 44 
730 345 130)4 7 1g 18 22 | 25 28 31 | 34 37 40 43 44 46 48 
800 400 1 36/4 8 16 20 23 | 27 30 34/37 41 44| 047 | 048 | o51r | 0 53 
8 30 415 1 42/4 8 I7 21 25 |29 33 36/40 44 48] 051 | 0 53 | 056 | 0 58 
900 430 1 48/4 9 18 22 27| 31 35 39/43 47 52/055 | 058 | ror | 1 04 
930 445 1154/5 9 19 24 28 | 33 38 42/47 51 56| 100 /| 1 04 | 1 08 | x 12 
10 00 § 00 2 00/5 I0 20 25 30 50 55 60] 105 | 1 10 | 1 1§ | r 20 


Table I is for interpolating the L.M.T. of sunrise, twilight, moonrise, etc. for latitude. It is to be noted 
that the interpolation is not linear, so that when using this table it is essential to take out the required pheno- 
menon for the latitude /ess than the true latitude. The table is entered with the nearest value of the difference 
between the times for the tabular latitude and the next higher one, and, in the appropriate column, with the 
difference between true latitude and tabular latitude; the correction so obtained is applied to the time for the 
tabular latitude; the sign of the correction can be seen by inspection. 


TABLE II—FOR LONGITUDE 


Difference between the times for given date and preceding date (for east longitude) 
or for given date and following date (for west longitude) 


West rh+ r+ 
Tom 20™ 30™ | 40™ 50™ 60™ | Tom 20™ 30™ | 4o™ 50™ Go™ | 2 roM| 2h 20m | 2h 30m | 2h 4o™ | 22 som™ | 35 00m 
° m m m m m m m m m m m mn h m h m h m h m h om 
OD) Ol O50" 0 FOF Ol |= 50 08 FONNOt O10 100) |5OnOOm LONGO © 00 | 000 
10,0) 1 1 LB aie Poe Hl hee Tie ao toler lll Sep | EY eae 04 04 04 05 
20 0) le ee 25) 2 3 3h) 4d 50 On 97 07 08 08 10 
30 e227 358 4 SiG 8 7 Pee Seiigito II 12 12 15 
407) Fare 3h 4 On 78 Som On TO Tkeut20 13 14 16 17 20 
50 I 3 4] 6 7 8/|10 Ir 12] 14 1§ 17/018] 0 19 | 0 21 O 25 
60 |}2 3 5!] 7 8 10] 12 13 15|17 18 20 22 23 25 30 
7o |2 4 #6} 8 10 12/14 16 17] 19 21 23 25 27 29 35 
80 |2 4 7| 9 1 13]16 18 20| 22 24 27 29 31 33 40 
GOZO 57) STON I 2155 O17 20m 220825 27930 32 35 37 45 
100 |3 6 8] 11 14 17] 19 22 25/28 31 33] 0 36 | 0 39 | oO 42 oO §0 
110 |3 6 9] 12 15 18] 21 24 27] 31 34 37 40 43 46 0 55 
120 |3 7 10} 13 I7 20/ 23 27 30] 33 37 40 43 47 50 I 00 
130 1/4 7 II | 14 18 22 | 25 29 32! 36 4o 43 47 5! 54 I 05 
140 |} 4 8 12/16 19 23 | 27 31 35 | 39 43 47 SI 54 | 0 58 I 10 
150 |4 8 13] 17 21 25] 29 33 38 | 42 46 50/054] 058 | 1 03 I 1§ 
160 | 4 9 13] 18 22 27/31 36 40 | 44 49 53 | © 58 | I 02 | 1 o7 I 20 
170 |5 9 14] 19 24 28 | 33 38 42 | 47 52 57/ 1 or | 1 06/111 I 25 
180 | 5 10 15 | 20 25 30] 35 40 45 | 50 55 60/ 105 | 1 10 | 1 15 I 30 


Table II is for interpolating the L.M.T. of moonrise, moonset and the Moon’s meridian passage for 
longitude. It is entered with longitude and with the difference between the times for the given date and for 
the preceding date (in east longitudes) or following date (in west longitudes). The correction is normally 
added for west longitudes and subtracted for east longitudes, but if, as occasionally happens, the times become 
earlier each day instead of later, the signs of the corrections must be reversed. 
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Aldebaran 


Alioth 
Alkaid 
Al Na’ir 
Alnilam 
Alphard 


Alphecca 
Alpheratz 
Altair 
Ankaa 
Antares 


Arcturus 
Atria 
Avior 
Bellatrix 
Betelgeuse 


Canopus 
Capella 
Deneb 
Denebola 
Diphda 
Dubhe 
Elnath 
Eltanin 


Kaus Australis 


Kochab 
Markab 
Menkar 
Menkent 
Miaplacidus 
Mirfak 
Nunki 
Peacock 
Pollux 
Procyon 


Rasalhague 
Regulus 

Rigel 

Rigil Kentaurus 
Sabik 

Schedar 

Shaula 

Sirius 

Spica 

Suhail 


Vega 
Zubenelgenubi 


YZ PYPRZ PODZL ZLPPZ PYZZZ VZYYY PLLAZ YPAZAZY ZZYPYL PYLAZ VYYZZ Zvuny 


INDEX TO SELECTED STARS 


Alpheratz 
Ankaa 
Schedar 
Diphda 
Achernar 
Hamal 
Acamar 
Menkar 
Mirfak 
Aldebaran 
Rigel 
Capella 
Bellatrix 
Elnath 
Alnilam 


Betelgeuse 
Canopus 
Sirius 
Adhara 
Procyon 


Pollux 
Avior 
Suhail 
Miaplacidus 
Alphard 


Regulus. 
Dubhe 
Denebola 
Gienah 
Acrux 


Gacrux 
Alioth 
Spica 
Alkaid 
Hadar 


Menkent 
Arcturus 

Rigil Kentaurus 
Zubenelgenubi 
Kochab 


Alphecca 
Antares 

Atria 

Sabik 

Shaula 
Rasalhague 
Eltanin 

Kaus Australis 
Vega 

Nunki 


Altair 
Peacock 
Deneb 
Enif 

Al Na’ir 
Fomalhaut 
Markab 
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ALTITUDE CORRECTION TABLES 0°-35°-MOON 


5°-9° 


10°-14° 


1§°-19° 


Corr" |, 


5 58-2 
58:5 
58-7 
58-9 
59:1 
59:3 

¥ 59°5 
59°77 
59°9 
60:0 
60:2 
60:3 

u 60:5 
60:6 
60-7 
60:9 
61-0 
61-1 


8 61-2 


Corr® 


10 62-1 
62:2 
62-2 
62:3 
62-3 
62-4 


II 62-4 
62-4 
62°5 
62°5 
62°5 
62:6 


12 62-6 
62:6 
62:6 
62:7 
62-7 
62-7 


13 62:7 
62:7 
62-7 
62:8 
62-8 
62:8 

a4 62:8 
62-8 
62:8 


Corr® 
TS 62-8 
62:8 
62°8 
62:8 
62:8 
62-7 


16 62-7 


62-7 
62-7 
62:7 
62:7 
62:7 


ah 62:7 
62:6 
62:6 
62:6 
62:6 
62:6 


18 62:5 
62°5 
62:5 
62°5 
62-4 
62:4 


1, 62-4 
62:3 
62:3 
62-3 
62-2 
62:2 


25°=29° | 30°-34° 
Corr® Corr® 


3° 58-9 
58:8 
58:8 
58-7 
58:6 
58-5 

3¥ 58.5 
58:4 
58-3 
58:2 
58:2 


58-1 | - 


32 58:0 
579 
57°8 
57°8 
Saal 
57:6 
57°5 
57°4 
57:4 
S7e3) 
57:2 
57:1 


57:0 
56-9 
56-9 
56:8 


33 


34 


Alt. 


| 
LU 


Ht. of, Ht. of 
va Corr® Bye Corr® 


MOON CORRECTION 
TABLE 


The correction is in two parts; 
the first correction is taken from 
the upper part of the table with 
argument apparent altitude, and 
the second from the lower part, 
with argument H.P., in the same 
column as that from which the 
first correction was taken. Sep- 
arate corrections are given in the 
lower part for lower (L) and 
upper (U) limbs. All corrections 
are to be added to apparent alti- 
tude, but 30’ is to be subtracted 
from the altitude of the upper limb. 


For corrections for pressure 
and temperature see page A4. 


For bubble sextant observa- 
tions ignore dip, take the mean 
of upper and lower limb correc- 
tions and subtract 15’ from 
the altitude. 


App. Alt. = Apparent-altitude 
= Sextant altitude corrected for 
index error and dip. 
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ALTITUDE CORRECTION TABLES 35°-90°—MOON 


70°-74° |75°-79° 


Corr® 
E 


75 25:3 
25:2 
25:0 
249 
ahs 
245 
24°4 
24:2 
24:1 
23-9 
23:8 
23:6 


23°4 
23°3 


81 


26-8 
26-6 
26:5 
26-3 
26-1 
26:0 
25°8 

: 25°7 
30°2 25°5 
Level 


2-6 3:2 
2:8 3:2 
3933 
3:2 3:3 
3:43:3 
3°4 3:2 | 3-6 3-4 
3-6 3:3 13:8 3-4 
3:8 3:3 |403-4 
4:0 3°4| 4-1 3:5 
4334|433° 
4:5 3°5 
4735 
4:9 36 
5:1 36 
543°7 
5:8 3:8 
6:0 3:9 
6:2 3:9 
6:5 4:0 


6-7 4:0 
6:9 4:1 
71 4:2 
7342 
76 43 
7:8 4:3 


w 
OC OCIAR HNKOSOIrI UVENHO WOANUWH- 


BUA ABAAR AAAAA AIAIA AM MBDH 


RAN AMAAWA A 
© we’ ANEWY NE 
DOO 


RW 
BWW BHWHYWW BWWWW WHWWW WWWWYW 


DAAA AWUUYN VANES HREHW WHWWY 


an 
n 
w 
as 
nn 
HO 
NN 
co .o 


COOGCCS BHMBMINY ADAAAU UY 


STARS, MAY—AUG., 1958 


No. 


7 | Acamar 
5*| Achernar 
30*| Acrux 
19 | Adhara 
10*| Aldebaran 


32*| Alioth 
34*| Alkaid 
55 | Al Na’tr 
15 | Alnilam 
25*| Alphara 


41 | Alphecca 
1*| Alpheratz 

Altair 

2 | Ankaa 

Antares 


Arcturus 
43 | Atria 

22 | Avior 

13 | Bellatrix 
Betelgeuse 


Canopus 
Capella 
Deneb 
Denebola 
4*| Diphda 
Dubhe 
14 | Elnath 
47 | Eltanin 


54 | Enif 
Fomalthaut 


31 | Gacrux 
29 | Gienah 
35 | Hadar 
6*| Hamal 
48 | Kaus Aust. 


Kochab 
57 | Markab 

8 | Menkar 
Menkent 
Miaplacidus 


9 | Mirfak 
Nunki 
Peacock 
Pollux 
Procyon 


Rasalhague 
Regulus 
Rigel 

Rigil Kent. 
44 | Sabtk 


3*| Schedar 
Shaula 
Sirius 
Spica 
Suhail 


Vega 
Zuben'ubi 
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APPENDIX W 


EXTRACTS FROM AIR ALMANAC 
INTERPOLATION OF G.H.A. 


Sun, Aries (‘~) and planets ; Moon. 


00 00 
or 
05 
09 
13 
17 
2I 
25 
29 
33 
37 
41 
45 
49 
53 
00 57 
OI OI 
05 
09 
13 
17 
2I 
25 
29 
33 
37 
41 
45 
49 
53 
OI 57 
02 OI 
05 
09 
13 
17 
2I 
25 
29 
33 
37 
41 
45 
49 
53 
02 57 
03 OI 
05 
09 
13 
17 
03 21 


SUN, etc. 


° 


0 00 
0 OI 
0 02 
0 03 
0 04 
0 05 
0 06 
007 


fo) {2) 
fey (2) 
Oo © 


° 
How 
x 0 


© (OF OF CO FOmOm Ome 
ee ee | 
ON AUN SW DN 


MOON | SUN, etc. 


D 8 Dn 6 
00 00 | 03 17 bis 
00 02 21 
00 06 25 Ms 
0 52 
00 10 29 
00 I ae 
4 33 
oo 18 37 wrt 
00 22 41 ae 
0 50 
00 26 45 
00 31] 49 07 
00 35/ 53 © ie 
So tres 8S 
on <eiet Megs 
47 5 I 02 
00 51 09 
I 03 
00 55 13 
I 04 
OI 00 17 
I 05 
OI 04 21 
I 06 
OI 08 25 
107 
OI 12 29 
I 08 
OI 16 33 
OI 20 37 ee: 
O12 ae 
oI 3 ye iE. 
or . aor 
I 
or 87) ar So 
OI 41/0457 : 
OI 45 | 05 or : 2 
OI 49 05 ay 
OI 53 09 Boil 
118 
oI 58 13 
02 02 17 he? 
02 06 athe 5; 
02 I0 25 poe 
I 22 
02 14 29 
02 18 33 7 
02 22 37 ae 
02 27 41 2 
0231] 45 | 
o2135;6 Magne 
I 28 
02 39 53 
I 29 
02 43 | 95 57 nie 
02 47 | 06 o1 3 
02 51 05 + ei 
02 56 09 i el 
03 00 13 T 33 
03 04 17 T 34 
03 08 21 7 35 
03 12 25 E30 
03 16 29 af 
03'20/}4 337° > 
03 29 | 06 41 ahs 


MOON 

on 8 
03 25 
03 29 
03 33 
03 37 
03 41 
03 45 
03 49 
03 54 
03 58 
04 02 
04 06 
04 10 
04 14 
04 19 
04 23 
04 27 
04 31 
04 35 
04 39 
04 43 
04 48 
04 52 
04 56 
05 00 
05 04 
05 08 
05 12 
05 17 
05 21 
05 25 
05 29 
05 33 
05 37 
05 41 
05 46 
05 50 
05 54 
05 58 
06 02 
06 06 
06 10 
06 15 
06 19 
06 23 
06 27 
06 31 
06 35 
06 39 
06 44 
06 48 
06 52 
06 56 


* Stars used in H.O. 249 (A.P. 3270). 
+ Stars so indicated may be used with declination tables. 


The numbers following the names are those used in A.P. 1618 
(H.O. 218). 


SUN, etc. 


08 57 
09 OI 


09 57 


I 40 
I 41 
I 42 
T 43 
I 44 
B45 
I 46 
I 47 
I 48 
1 49 
I 50 
I 51 
I 52 
I 53 
I 54 
155 
I 56 
E757, 
I 58 
I 59 
2 00 
2 OI 
2 02 
2 03 
2 04 
205 
2 06 
207 
2 08 
2 09 
10 
II 
12 
13 
14 
15 
16 
17 
18 
19 


NS 


» BR WH KH KN WYN WYN WK WKB NK WKB WY NHN WN DN WN 


Increment to be added for intervals of G.M.T. to G.H.A. of: 


MOON 

a 6 
06 52 
06 56 
07 00 
07 04 
07 08 
07 13 
07 17 
07 21 
07 25 
07 29 
07 33 
07 37 
07 42 
07 46 
07 50 
07 54 
07 58 
08 02 
08 06 
08 11 
08 15 
08 19 
08 23 
08 27 
08 31 
08 35 
08 40 
08 44 
08 48 
08 52 
08 56 
09 00 
09 04 
09 09 
09 13 
09 17 
09 21 
09 25 
09 29 
09 33 
09 38 
09 42 
09 46 
09 50 
09 54 
09 58 
10 00 


MARINE SEXTANT 
ERROR 


Sextant No. 


Index Error 


APPENDIX W: EXTRACTS FROM AIR ALMANAC 


Pages 
Inside front cover 
Daily pages 
A1—A3 
A4—AI5 
A16—A17 
A18—A21 
A22—A47 
A48—A49 


A50—A5I1 
A52 


A53 

A54 

Under flap 

A57 (flap) 

A58 (inside of flap) 


Inside back cover 


Outside back cover 


CORRECTIONS CORRECTION FOR DIP OF THE HORIZON 
To be subtracted from sextant altitude. 
In addition to sextant 
error and dip, corrections 
are to be applied for: 
Refraction 
Semi-diameter i 
(for Sun and Moon) 2 
2 
Parallax (for the Moon) 6 3 
Dome refraction _ if 12 
applicable. 21.4 
Liy, 
43 
sae 
75 
93 -? 
10 


LIST OF CONTENTS 


Contents 


Star list and G.H.A. interpolation tables. 
Ephemerides of Sun, Moon, Aries and planets. 
Title page, preface, etc. 

Explanation. 

List of abbreviations and symbols. 

Standard times. 

Sky diagrams. 


Semi-duration diagrams for rising and setting pheno- 
mena in high latitudes. 


Corrections for height to times of sunrise, etc. 


Conversion of arc to time and interpolation of moonrise 
and moonset for longitude. 


Star index. 

Explanation of star chart. 

Star chart. 

Star list and G.H.A. interpolation tables. 


Polaris table, dome refraction, A.N.T. adjustment for 
refraction. 


Corrections for (total) refraction and Coriolis (Z) table. 


Corrections to marine sextant observations. 
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CORRECTIONS TO BE APPLIED TO MARINE SEXTANT ALTITUDES 
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GMT 


22 


© suN ARIES 
GHA Dec. | GHA T 


0 35 N22 02 
305 

535 

805- 
10 35 

13 05 


15 35 N22 02 
18 05 

20 35 
23,05" 
25,59 

28 05 


30 35 N22 02 
33 05 

35 35 

38 05- 

40 35 

43 05 


45 35 N22 03 
48 05 

50 35 
23057. 
55935 

58 05 


60 35 N22 03 
63 05 

65 35 

68 05 - 

70 35 

73 05 


75 35 N22 03 
78 05 

80 35 

83 05- 

85 35 

88 05 


90 35 N22 04 
93 05 

95 35 

98 05 - 

100 35 

103 05 


105 35 N22 04 
108 04 

110 34 

113 04 - 

115 34 

118 04 


120 34 N22 04 
123 04 

125 34 

128 04 - 

130 34 

133 04 


135 34 N22 05 
138 04 

140 34 

143 04 - 

145 34 

148 04 


150 34 N22 05 
153 04 

155 34 

158 04 - 

160 34 

163 04 


165 34 N22 05 
168 04 

170 34 

173 04 - 

175 34 

178 04 


APPENDIX W: EXTRACTS FROM AJR ALMANAC 


GREENWICH P. M. 1958 JUNE 1 (SUNDAY) 


69 28 
71 58 
74 29 
T6959 
79 30 
82 00 


84 30 
87 01 
89 31 
92 02 
94 32 
97 02 


99 33 
102 03 
104 34 
107 04 
109 34 
112 05 


114 35 
117 06 
119 36 
122 07 
124 37 
127 07 


129 38 
132 08 
134 39 
137 09 
139939 
142 10 


144 40 
147 11 
149 41 
152 11 
154 42 
157 12 


159 43 
162 13 
164 44 
167 14 
169 44 
W215 


174 45 
177 16 
179 46 
182 16 
184 47 
187 17 


189 48 
192 18 
194 48 
197 19 
199 49 
202 20 


204 50 
207 21 
209 51 
212 21 
214 52 
217 22 


219053 
(fA (28) 
224 53 
227 24 
229 54 
252025 


234 55 
237 25 
239 56 
242 26 
244 57 
247 27 


VENUS — 3.6 
GHA _ Dec. 


40 27N 9 38 
42 56 

45 26 

47 56 - 

50 26 

52 56 


O26) Ni 9939 
57 56 

60 26 

62 56 - 

65 26 

67 56 


70 26 N 
72 56 
75 26 
UL iene 
80 26 
82 56 


85 26N 
87 56 
90 26, 
92 56 - 
95 26 
Cif BS) 


100 25N 
102 55 
105 25 
107 55 - 
110 25 
1172)55 


115 25.N 
1 7e55 
120 25 
122055 
125 25 
127 55 


130 25N 
132 55 
135725 
UES 1313} 0 
140 25 
142 55 


145 25.N 
147 55 
150 25 
152 54 - 
155 24 
157 54 


160 24N 
162 54 
165 24 
167 54 - 
170 24 
172 54 


175 24N 
177 54 
180 24 
182 54 - 
185 24 
187 54 


190 24N 
192 54 
195 24 
197 54 - 
200 24 
202 54 


205 24N 
207 53 
210 23 
212 53% 
215125 
207553 


9 40 


941 


9 42 


9 43 


9 43 


944 


9745 


9 46 


9 47 


9 48 


MARS 0.6 
GHA __Dec. 
on o. a/ 


UPB PAIS BPW) 
74 58 
77 28 
79 58 - 
82 28 
84 58 


S/ 28n>) 3.29 
89 58 

92 29 

94 59 - 

Dl 2) 

99 59 


102 29S 
104 59 
107 29 
110 00 - 
112 30 
115 00 


117 30 S 
120 00 
122 30 
125 00 - 
127 30 
130 01 


13253178 
135 01 
137 31 
140 01 - 
142 31 
145 01 


147 32S 
150 02 
by Be 
155 02 - 
157 32 
160 02 


162 32 S 
165 02 
167 33 
170 03 - 
172 33 
175 03 


177 33S 
180 03 


3929 


3 28 


2) Cll 


3 26 


3 26 


Br25 


| 182 33 


185 04 - 
187 34 
190 04 


192 34S 
195 04 
197 34 
200 04 - 
202 34 
205 05 


207 35S 
210 05 
212)35 
21505. 
217 35 
220 05 


222 36S 
225 06 
227 36 
230 06 - 
232 36 
235 06 


237 36S 
240 06 
242 37 
24507- - 
247 37 

250 07 


3 24 


3 24 


3 23 


3 22 


JUPITER —1.9 
GHA __Dec. 


O MOON Sun- | Twi-] Moon- |. 
Lat.| tise light] rise Diff. 
GHA Dec. 
ol ov N 


185 20 S18 19 
187 44 
190 08 
192 32 
194 56 
197 20 


223. 2mm ae O 
230 54 

233 24 
2350550° 

238 25 

240 56 


243 26S 7 20 
245 56 

248 27 

Assy) Si c 

253 28 

255 58 


258 29S 
260 59 
263 29 
266 00 - 
268 30 
271 01 


UES SH! 
276 02 
278 32 
281 02 - 
283 33 
286 03 


288 34 
291 04 
293 35 
296 05 > 
298 35 
301 06 


303 36 
306 07 
308 37 
311 08 - 
313 38 
316 08 


318 39 
321 09 
323 40 
326 10 - 
328 41 
331001. 


333 42 
336 12 
338 42 
341 13 - 
343 43 
346 14 


348 44 
551515 
353 45 
35615. 
358 46 
116 


347 
617 
8 48 
ale) 
13 48 
16 19 


18 49S 
21 20 
23 50 
26 21 - 
28 51 
S152) 


33 52 
36 22 
38 53 
41 23. 
43 54 
46 24 


214 09 S18 
216 33 
218 57 
22.20 
223 45 
226 10 


228 34 S18 
230 58 
233 22 
235 46 
238 10 
240 34 


242 58 
245 22 
247 46 
250 10 
252 35 
254 59 


257 23 
259 47 
262 11 
264 35 
266 59 
269 23 


271 47 
274 11 
276 36 
279 00 
281 24 
283 48 


286 12 
288 36 
291 00 
293 24 
295 48 
298 13 


300 37 
303 01 
305 25 
307 49 
310 13 
312 37 


315 01 
Sli25 
319 49 
322 14 
324 38 
327 02 


329 26 S18 
331 50 
334 14 
336 38 
339 02 
341 26 


343 51 S18 
346 15 
348 39 
351703 
Doo 27 
29500 
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GREENWICH A. M. 1958 JUNE 2 (MONDAY) 


JUPITER —1.9 
GHA _ Dec. 


Cw ° 


220 23. N 9 49/252 37 S 3 22 

222 53 255 07 51 25 0 39 
225%25 Cori, 53159 3 03 
22199 eae || 260) 08es) es BVA oc 5 28 
230 23 262 38 58 56 Tee 
232 53 265 08 ol 27 10 16 


195 34 N22 235 23. N 267 38 S 63 57 12 40 
198 04 237 53 270 08 66 27 15 04 
200 34 240 23 272 38 68 58 17 28 
20304: - 242 53 - 275100 soe nr| ec ie) sy 
205 34 245 23 228 Us} Sie) 22 16 
208 04 247 53 280 09 76 29 24 40 


210 34 N22 250 23N 282 39S 79 00 27 05 S18 
0}/213 04 BI 285 09 81 30 29°29 
215 34 255 23 287 39 84 00 31 53 
218 04- -; 251) 530-290) 09"-) es | 6 sh | 3407 
220 34 260 23 292 39 89 01 36 41 
223 04 262 52 295 09 o132 39 05 


225 34 N22 265 22N 297 40 S 94 02 41 29 S18 59 
228 04 267 52 300 10 96 33 43 53 1859 
230 34 270 22 302 40 99 03 4618 1900 
233 04- -; Dpee Pas Yo EOS S Se OME eS eon ena 
235 34 275 22 307 40 104 04 51 06 

238 04 277 52 310 10 106 34 53 30 


240 34 N22 280 22 N 312 40S 109 05S 55 54 S19 01 
0}/243 04 282 52 315 10 111 35 58 18 

245 34 285 22 317 41 114 06 60 42 

248 04+ - 2075 Zee mren S20 Pema | 1 Geo Oxemeer 63 06 

250 34 290 22 322 41 119 07 65 31 

253 04 292 52 325 11 1237 67 55 


255 34 N22 295 22N 327 41 124 07 S 70 19 S19 02 
0||258 04 297 52 330 11 126 38 72 43 

260 34 300 22 332 41 129 08 75 07 

263 04+ - NG o Giles oc Washi  ollery cul 


265 34 S05°22 337 42 134 09 T1955 
268 04 307 52 340 12 136 39 82 19 


270 34 N22 310 22.N 342 42 139005 84 44 
273 03 912,52 345 12 141 40 87 08 
215'33 315.22 347 42 144 11 89 32 
278 03- -; 317,51) =) 350 12 = +146 Ade) =) |) 91 56 
280 33 320 21 352 42 149 12 94 20 
283 03 322751 355 13 151 42 96 44 


285 33 N22 325/21 N 357 43 S 154 13 99 08 
288 03 327,51 0 13 156 43 101 33 
290 33 330 21 2 43 15913 103 57 
293)03F-" 332/51) ee 513- + |16144- - |106 21 
295 33 335.22 7 43 164 14 108 45 
298 03 337 5k 10 13 166 45 111 09 


300 33 N22 340 21N 1244S 169 15'S 113 33 S19 06 
342 51 15 14 171 46 115 57 
345 21 17 44 174 16 118 21 
34705 lee ron | 20004 vores 57674659 12046 
350 21 22 44 79 AT 123 10 
352051 25 14 181 47 125 34 


315 33 N22 355 21N 27 44S 184 18 127 58 
0}|318 03 B5teSu 30 14 186 48 130 22 
320 33 021 32 45 189 19 132 46 
323 03 - = 251 ces 35 oe (LIL 49) = 135 10 
325 33 5°21 37 45 194 19 WW) 22) 
328 03 7-51 40 15 196 50 139059 


330 33 N22 10 21N 4245S 199 20 142 23 
12 50 4515 201 51 144 47 
15 20 47 45 204 21 147 11 
1750s 5016+ =+ 1206 52 - 1149 35 
20 20 52 46 209 22 151 59 
22 50 55 16 21h 52 154 24 


345 33 N22 25 20 N10 00| 57 46S 214 23 156 48 
0}}348 03 27 50 60 16 216.95 159 12 
350 33 30 20 62 46 219"24 161 36 
353 OBI) 32°50) | 65 16e 8 = 1220 54 = 11264 00 
355 33 35 20 67 46 224 25 166 24 
358 03 37 50 70:17 226 55 168 49 
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SEMIDURATION OF SUNLIGHT 


SUN ABOVE 
HORIZON 


CONTINUOUS TWILIGHT 
OR .SUNLIGHT 


MAY JUNE JULY AUGUST 


APPENDIX W: EXTRACTS FROM AIR ALMANAC 1157 


SEMIDURATION OF MOONLIGHT 


N85 


0 aa EE SA 
- Some NY 
ed BO elon GOING 

oe 7 EN ASE 


N70 


N75 


N70 


N85 


N85 


N80 N80 


ff 
MOON BELOW MOON ABOVE MOON BELOW 
HORIZON HORIZON HORIZON 


JUNE 


N75 N75 


N70 N70 


N85 N85 


N80 N80 


MOON ABOVE 
HORIZON 


N75 N75 


N70 


N70 


N85 


N85 


W N30 


ey MOON ABOVE MOON BELOW 
HORIZON HORIZON 


N75 


N75 


N70 


N70 


AUGUST 5 10 15 20 25 30 1958 


1158 APPENDIX W: EXTRACTS FROM AIR ALMANAC 


CONVERSION OF ARC TO TIME INTERPOLATION OF 
MOONRISE, MOONSET 
° H ° h m ° h ° ham , m 8 
(0) G 00 45 | 3 00 90 | 6 00 135 9 00 0 | 0 00 FOR LONGITUDE 
I | o 04 | 46 | 3 04 | gt | 6 04 | 136] 9 of I | 0 04 Add if rape 28 
2] 0 08 | 47 | 3 08 | 92] © 08 | 137} 9 oS | 2] 0 08 Subtract if longitude east. 
Sul Ou tzy 1) 48553 ste: 93 | 6 12 | 138 Gy ii? 3|}0 12 Diff.* 
4|0 16] 49 | 3 16 94 | 6 16 | 139 9 16 4|0 16 Tenet: 
ude 
5 | 0 20 | 50 | 3 20 95 | 6 20 | 140 9 20 5 | 0 20 05] 10 ek er Ee 30 
6 | o 24] 51 | 3 24 96 | 6 24 | 141 9 x 6] 0 24 eee erat 8 Sones 2a a 
7 | 0 28] 52 | 3 28 97 3 23 | 142] 9 28 Z : z So oa | oo Losec ies 
8 | o 32] 53 | 3 32] 9 2] 143 | 9 32 ‘ 
6 a6 6 ae OI | OL | 02 | 02 | 03 | 03 
9 | 0 36 | 54 | 3 3 99 30 | 144 | 9 3 9 3 orton [ox tor toe Pee 
10 | o 40 | 55 | 3 49 | 100 | 6 4o | 145 9 40 | I0 | Oo 4o 02 | 03 | 05 | 07 | 08 | 10 
II | 0 44] 56 | 3 44] 101 | 6 44] 146 9 44] 11 | 0 44 02 | 04|07|09| 11 | 13 
12] 0 48 | 57 | 3 48 | 102 | © 48 | 147 9 43 | 12 | o 48 
13 | 0 52 | 58 | 3 52 | 103 | © 52 | 148 | 9 52] 13 | 0 52 03 | 06] 08 | 11 | 14] 17 
14 | 0 56] 59 | 3 50] 104 | 6 56] 149 | 9 56] 14 | 0 56 03 | 07| 10 | 13] 17] 20 
15 | 1 00 | 60 | 4 00 | 105 | 7 00 | 150 | 10 00 | 15 | x 00 04 | 08 | 12 | 16 | 19 | 23 
16 | 1 04 | 61 | 4 04 | 106 | 7 04 | 151 | 10 04 | 16 | 1 04 04 | 09 | 13 | 18 | 22 | 27 
17 | 1 08 | 62 | 4 08 | 107 | 7 08 | 152 | 10 08 | 17 | 1 08 05 | 10 | 15 |: 20 | 25 | 30 
18 | 1 12 | 63 | 4 12 | 108 | 7 12 | 153 | 10 12 | 18 | x 12 Diff.* 
19 | 1 16 | 64 | 4 16] 109] 7 16 | 154 | 10 16 | 19 | 1 16 : 
20 | I 20] 65 | 4 20] 110 | 7 20] 155 | 10 20 |] 20 | 1 20 35 | 40 | 45 | 50] 55 | 60 
21 | 1 24 | 66 | 4 24] 111 | 7 24 | 156 | 10 24 | 21 | 1 24 — |_| |_| 
22 | 1 28 | 67 | 4 28 | 112 | 7 28 | 157 | 10 28 | 22] 1 28 m/ m/ m/ m a iB 
23 | I 32 | 68 | 4 32 | 113 | 7 32 | 158 | 10 32 | 23 | 1 32 00 | 00 | 00 | 00 
24 | 1 36 | 69 | 4 36] 114 | 7 36] 159 | 10 36 | 24 | 1 36 se OS se i = z2 
06 | 07] 0 
25 | I 49] 70 | 4 40] 115 | 7 40 | 160 | 10 4o | 25 | 1 4o og | 10] 11} 12 | 14| 15 
26/1 44] 71 | 4 44 | 116 | 7 44 | 161 | 10 44 | 26) 1 44 
27 | 1 48] 72 | 4 48] 117 | 7 48 | 162 | 10 48 | 27 | 1 48 12 |13|15|17/18]| 20 
28 | 1 52] 73 | 4 52 | 118 | 7 52 | 163 | 10 52 | 28 | 1 52 15|17|19| 21 | 23 | 25 
29 | 1 56] 74 | 4 56] 119 | 7 56 | 164 | 10 56 | 29 | 1 56 18 | 20 | 22 | 25 | 28 | 30 
30 | 2 00 | 75 | 5 00 | 120 | 8 00 | 165 | 11 00 |] 30 | 2 00 20 | 23 | 26 | 29 | 32 | 35 
31 | 2 04 | 76 | 5 04 | r2t | 8 04 | 166 | 11 04 | 31 | 2 04 23 | 27 | 30 | 33 | 37] 40 
32 | 2 08 | 77 | 5 08 | 122 | 8 08 | 167 | rx 08 | 32 | 2 08 ‘ . 
33 | 2 12] 78 | 5 12 |] 123 | 8 12 | 168 | rr 12 | 33 | 2 12 20 | 30 | 34 | 35 | 41 | 45 
34 | 216] 79] 5 16] 124 | 8 16 | 169 | rr 16 | 34 | 2 16 29 | 33 | 38 ie 46 | 50 
2 I te) 
35 | 2 20 | 80 | 5 20} 125 | 8 20 | 170 | 11 20 | 35 | 2 20 32:37.) 4040.1 5 x 
6 35 1 4° | 45 | 5° | 55 
36 | 2 24 | 81 | 5 24 | 126 | 8 24 | 17x | 11 24 | 3 2 24 M 
37 | 2 28 | 82 | 5 28 | 127 | 8 28 | 172 | rr 28 | 37 | 2 28 Diff.* 
38 | 2 32 | 83 | 5 32 | 128 | 8 32 E70 elre 327 souees2 
39 | 2 36 | 84 | 5 36 | 129 | 8 36] 174 | 11 36 | 39 | 2 36 65 | 70 | 75 | 80 | 85 | 90 
40 | 2 40 | 85 | 5 40 | 130 | 8 4o | 175 | rr 40 | 40 | 2 40 ns hee Ec. s 
40 | 2 44 | 86 | 5 44 | 131 | 8 44 | 176 | 11 44] 41 | 2 44 00 | 00 | 00 | 00 | 00 | 00 
42 | 2 48 | 87 | 5 48 | 132 | 8 48] 177 | rr 48 | 42 | 2 48 oa lon loa toalorte 
4 | 04 | O4 | 04 | 05 | 05 
43 | 2 52 | 88 | 5 52 | 133 | 8 52 | 178 | 11 52 | 43 | 2 52 07 | 08 | 08 | 09 | 09 | 10 
44 | 2 56] 89 | 5 56 | 134] 8 56] 179 | 11 56 | 44 | 2 56 r1| 12] 12| 13] 14| 15 
45 | 3 00 | 90 | 6 00 | 135 | 9 00 | 180 | 12 00 | 45 | 3 00 14 |16]17]18]| 19] 20 
3 04 
3 08 18 | 19 | 21 | 22 | 24 | 25 
For angles greater than 180°, subtract 180° ¥ : re 2 ef op FA me + 
and add 12" to the result. Kelas 749) || oe 2 36 | 38 | 40 
2 O | 42 
The above table is for converting ex- - ee 32 | 35 | 38 | 40 | 42 | 45 
F : : F eo 6 fo} 
pressions in arc to their equivalent in time ; 53) 3.32 a ny 6 eS is x 
its main use in this Almanac is for the con- | 54 | 3 3° 43 | 47 | 50 | 53 | 57 | 60 
version of longitude for application to L.M.T, | 55 | 3 4° 47 | 51 | 54 | 58 | 61 | 65 
; 56 | 3 44 51 | 54 | 58 | 62 | 66 | 70 
(added if west, subtracted if east) to give G.M.T. | 57 | 3 48 
} : : 58 | 3 52 54 | 58 | 62 | 67 | 71 | 75 
or vice versa, particularly in the case of 50 3us6 58 | 62 | 67 | 71 | 76 | 80 
sunrise, sunset, etc. 60 | 4 00 61 | 66 | 71 | 76 | 80] 85 
65 | 70 | 75 | 80 | 85 | 90 


* When the Diff. is negative subtract correction if longitude west and add correction if longitude east. 


APPENDIX W: EXTRACTS FROM AIR ALMANAC 


CORRECTIONS TO BE APPLIED TO SEXTANT ALTITUDE 


REFRACTION 
To be subtracted from sextant altitude (referred to as observed altitude in A.P. 3270). 


Height above sea level in units of 1,000 ft. 


Re 0 Zo Si|1)! Bo) ) nae! POa5 8 IN -30 ni eas 
Sextant Altitude 
2 rere) 90 90 90 90 90 90 go 
: O37 5 9RNmNO5 51 46 41 BOF 131 
. 33 29 26 22 19 16 14 II 
21 19 16 14 12 10 8 7 
3 16 14 12 10 8 VW 6 5 
4 12 II 9 8 7 5 400 310 
: be) 9 7 550 450 350] 310 220 
810 650 550| 450 400 300] 220 150 
: 650 550 500} 400 310 230} 150 120 
600 510 410} 320 240 200] 130 100 
i 520 430 340] 250 210 140} I10 035 
& 430 340 250| 220 140 I10| 037 +011 
14 330 250 210} 140 I10 034|/+009 — O14 
16 2.50\.. 2.10% “1/40i\_ 21.10) 037, +0 10-013 —0 34 
- 220 140 120| 043 +015 —008|—031 —052 
ak 150 120 049]+023 —002 —026|—0 46 —106 
ae II2 044 +019]-—006 —0 28 —o 48 | —109 —127 
ae 034 +010 —013]|—036 —055 —114|—I 32 —151 
+006 —016 —037]—059 —117 —133|—I15I —207 
ee —018 —037 —058|—116 —134 —149| —206 —222 
—0 53 —114|—-131 —147 —203|—218 —2 33 
a —1I0 —128|—-144 —159 —215|—228 —2 43 
—1 40|—1 53 —209 —224|-—238 —252 
= —203 —218 —2 33|—246 —301 
- — 2.53 307 
f 0 5 10 15 20 25 30 35 
Temperature in °C 
a AT eee SOme 27a 18) FIO , fo 34) 25> 13 
+26 +16 +6/-—4 -13 —-22/] —3I1 —40 
1-0 
eto. Se ts) 85 —36 -46| —57~"—68 
ude ak tepmiel = 9659 74671 58 = 7 S83) 95 
Bq C4 GI RSG RG70)) “BI © = 95 


1159 

4o | 45 50 55 p) R=R,x f 

*lo-9 1-0 I-1 1-2 
o 8 oy ¥ o ° o °¢ 
go go go go PIORAL BORIC)? 
26) }/rao 6012700 (93 Cla Mer Sead? 
9 7 6 Dito te Te ot 
5 4 SEE 2ir2s 22 <2 
310] 220 130 o40 HOM Teen’ 
210] 130 039 +005 404, ¥ 4 3 
130} O49 +OII —OI9 BIOs) 5gRe 
IIo] 024 —o1r —038 Sirs Soma 
0 38| +004 —028 —054 Rhee eee 
019|—013 —042 —108 : Z Sane 
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When R, is 
less than 10’ 
For these heights no °9| oF the height 
temperature correction 1-0 snad ohne 

i 1-2 and use 

R=R, 


Choose the column appropriate to height, in units of 1,000 ft., and find the range of altitude in which the sextant 
altitude lies; the corresponding value of FR, is the refraction, to be subtracted from sextant altitude, unless 
conditions are extreme. 
table on the right to form the refraction, R=R, xf. 


CORIOLIS (Z) CORRECTION 
To be applied by moving the position line a distance Z to starboard (right) of the track in northern latitudes 
and to port (left) in southern latitudes. The argument is given as T.A.S. (True Air Speed) in A.P. 3270. 


In that case find f from the lower table, with critical argument temperature. 
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APPENDIX X 
LONG-TERM ALMANAC 


This appendix is intended for use when a more complete almanac is not available. 
It is based principally upon the fact that approximately correct values for the Greenwich 
hour angle and declination of the sun, and the Greenwich hour angle of Aries, can be 
obtained from an almanac that is exactly four years out of date. The differences in 
these values at intervals of exactly four years can be largely removed by applying an 
average correction to the values obtained from the tables of this appendix. The 
maximum error in an altitude computed by means of this appendix should not exceed 
2‘0 for the sun or 1/3 for stars. 

This four-year, or quadrennial, correction varies throughout the year for the GHA 
of the sun (between about plus and minus one-fourth of a minute) and for the declina- 
tion of the sun (between about plus and minus three-fourths of a minute). For the 
GHA of Aries the quadrennial correction is a constant, (+)1/84. The appropriate 
quadrennial correction is applied once for each full four years which has passed since 
the base year of the tabulation (1956 in this appendix). 

The tabulated values for GHA and declination of the sun and GHA of Aries are 
given in four columns, labeled 0, 1, 2, and 3. The “0” column contains the data 
for the leap year in each four-year cycle and the 1, 2, and 3 columns contain data for, 
respectively, the first, second, and third years following each leap year. 

The GHA and declination of the sun are given at intervals of three days throughout 
the four-year cycle, except for the final days of each month, when the interval varies 
between one and four days. Linear interpolation is made between entries to obtain 
data for a given day. Additional corrections to the GHA of the sun of 15° per hour, 
15’ per minute, and 15” per second are made to obtain the GHA at a given time. 
Declination of the sun is obtained to sufficient accuracy by linear interpolation alone. 

The GHA of Aries is given for each month of the four-year cycle. Additional 
corrections of 0°59/14 per day, 15°02/5 per hour, 15’ per minute, and 15” per second 
are made to obtain the GHA at a given time. 

The SHA and declination of 38 navigational stars are given for the base year, 
1956.0. Annual (not quadrennial) corrections are made to these data to obtain the 
values for a given year and tenth of a year. 

A multiplication table is included as an aid in applying corrections to tabulated 
values. 

Sun tables. 1. Subtract 1956 from the year and divide the difference by four, 
obtaining (a) a whole number, and (6) a remainder. Enter column indicated by re- 
mainder (b) and take out values on either side of given time and date. 

2. Multiply quadrennial correction for each value by whole number (a) obtained in 
step 1 and apply to tabulated values. 

3. Divide difference between corrected values by number of days (usually three) 
between them to determine daily change. 

4. Multiply daily change by number of days and tenths since 0° GMT of earlier 
tabulated date, and mark correction plus (+) or minus (—) as appropriate. 

5. (GHA only.) Enter multiplication table with hours, minutes, and seconds of 
GMT, and take out corrections A, B, and C, respectively. These are all positive. 

6. Apply corrections of steps 4 and 5 to corrected earlier values of step 2. 
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Ezxample.—Find GHA and declination of sun at GMT 17°13™49° on July 18, 1986. 

Solution.—Steps 1 and 2: (1986—1956)--4=7, remainder 2. Use column Dy 
and multiply quadrennial corrections by 7. Corrected values: GHA, July 16, 
178°32°0—(7X0'23)=178°30/4; July 19, 178°28/0— (70/20) =178°26’6. Dec., July 
16, 21°29'2N—(7X0'35)=21°26/8N; July 19, 20°58'9 N—(7X0/39)=20°56/2N. 


GHA Declination 
July 16 178°30/4 July 16 21°26/8N 
July 19 178°26'6 July 19 20°56/2N 
3-day change (—)3/8{ Step 3 3-day change (—)30'6 f{ Step 3 
daily change (—)1/3 daily change (—)10/2 
days and tenths 27 Step 4 days and tenths 204 Step 4 
corr. (—)3/5 corr. (—)27/5 
A 255°00/0 0° July 16 21°26/8 N} step 6 
B  3°15'0! } Step 5 d 20°59/3 N 
C 122 


0° July 16 178°30/4}) Step 6 
GHA 76°54/1 


Aries table. 1. Subtract 1956 from the year and divide the difference by four, 
obtaining (a) a whole number, and (6) a remainder. Enter column indicated by re- 
mainder (6) and take out value for given month. 

2. Enter multiplication table with whole number (a) of step 1, day of month, 
hours of GMT, minutes of GMT, and seconds of GMT, and take out corrections 
D, E, F, G, and C, respectively. 

3. Add values of steps 1 and 2. 

Example.—Find GHAYT at GMT 11206™33° on November 28, 1979. 

Solution.—Step 1: (1979—1956)+-4=5, remainder 3. Use column 3. ; 


GHAT 

Nov. 38°33!0 \ Step 1 

D 9/2 

Fre #97°35' 9 
F 165°27/1)} Step 2 

G 1930/2 

6) 8/2 
GHAT 233°23/6! Step 3 


Stars table. 1. Enter table with star name, and take out tabulated values. 

2. Subtract 1956.0 from given year and tenth, and multiply annual correction by 
difference. Apply as correction (+-or—, as appropriate) to value of step 1. 

Example.—Find SHA and declination of Spica on September 11, 1995. 

Solution.—From decimal table, September 11, 1995=1995.7. 1995.7—1956.0= 
39.7. 


SHA Declination 
1956.0 159°16/9} Step 1 1956.0 10°55/9 S} Step 1 
—)0! —)31! .7X0/31 1213 
39.7 (—)0:79 (—)3114 Lia 39.7X (a) Step 2 
SHA 158°45/5 d 11°08/28 


To determine GHA of star, add GHAY and SHA>+¥ for given time and date. 
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APPENDIX Y 
EXTRACTS FROM H.O. PUB. NO. 260 


TRUE BEARING OR AZIMUTH. 


LATITUDE 238°. 
DECLINATION—SAME NAME AS—LATITUDE. 
Dec. 12° | 23° | 14° | 15° | 16° | 17° | 28° | 19° | 20° | 20° | 22° | age Dee. 
April. May. June. 
22 25 28 I | 5 8 12 16 | 2 | 26 7 10 
August. July 
Stale 22 19 16 2 | 9 5 2 2 | 24 | 39 12 3 Apparent 
me. 
Ti ° 
A. ML. October. November. December. an! 
25 28 31 3 | 6 10 14 17 | 22 | 27 3 IL ee: 
February. January. 
18 15 12 ohh 2 29 25 | 2r | 36 0 2 
—2 
a a So #F Oo eo oer o 7 Orr oP or er: o v7 On org h. m. 
Vi FSO Oi ois dele ols peenh aals sites san as 6 
o sigoe waisilempicecee|aisisce'scielswsiasweiefebioieses leases s oléleiinselecie]s gays ss ache sei arg 5 02 40 
BO |i ce cree fens sencale-s acer s|ene eos afeerensreleeseeesel 7033] 6938} 68 43] 67 49| 6654] 65 59 30 
40 97 01 | 7606 % mr] 7416) 3 21 26} 7x31] 7036] 69 40| 6845) 6750] 66 54 20 
50 77: 59| 77 04 08 | 7513] 7418) 73 22] 7226] 7131} 7035| 6939] 68 44| 67 48 10 
VI 00 78 56| 7800} 7704] 7609] 7513 | 7417] 73 21| 7225] 71 29| 7032] 69 36] 68 39 VI 00 
10 79 52| 7856} 7800] 7703] 7607] 7511 | 7414) 7317] 72211 71 24| 7027] 69 30 50 
20 80 47| 795¢| 7854] 7757] 7700] 7603] 7506) 7409] 7311] 7214] 71 16] 70 18 40 
30 81 42] 8044] 7947] 7850] 7752| 7655) 7557] 7459] 7401 | 73 02] 7203] 71 05 30 
40 82 36 | 81 39] 8041 | 79 43] 7844| 77 46| 7647) 75 48] 7449] 7350] 7251] 71 51 20 
50 83 30] 6232] 81 33 | 8034] 7935| 78 36| 7736] 7637] 7537] 74 36| 7336] 72 35 10 
VII 00 84 24 | 83 25 | 82 26] 8: 26| 8026] 79 26] 7825] 77 24| 7623] 75 22] 74 20] 73 19 Vv oo 
10 8519} 8419] 8318] 8217] 8116] 8015] 7913] 7811 | 7709] 7607] 7504] 74 OF 50 
20 86 14] 85 12] 84 11 | 8309] 8206] 81 04|} Boor] 7858) 7754] 7650] 75 45] 74 42 40 
30 87 09 | 8606] 85 03] 8400] 8256] 8152] 8048] 79 44] 7839] 7734] 7628] 75 22 30 
40 88 04 | 8700] 8556] 8452] 8347] 8241] 81 36] 8029] 79 23] 7816] 7709] 76 or 20 
50 89 or | 87 56| 8650, 85 44| 8437] 83 30] 8223] 8115] 8007] 7858] 7749] 76 40 10 
Vili 00 89 58 | 8852] 87 44 | 8637] 85 28| 8419! 8310] 8200] 8050| 79 40| 78 29] 7717 Iv 00 
10 go 58 | 89 49| 88 40} 8731] 8620] 8509] 8358] 82 46| 81 34] 8021] 79 08] 77 54 50 
20 91 59] 9049] 89 37 | 88 25] 8713] 8600] 84 46] 83 32] 8217] 8102] 79 46} 78 30 40 
30 93 93 | 91 50} 90 36 | 89 22] 8807] 8651 | 85 35} 84 18] 83 01] 81 43] 8025] 79 06 30 
40 94 09] 9253] 91 37 | 90 20] 89 03 | 87 44} 86 25] 8505] 83 45 | 8224] 81 03] 79 40 20 
50 95 18 | 94 00] 92 41 | gI 21} 90 01 | 88 39 | 87 16} 8553] 84 30] 8305] 81 go] 80 15 10 
1x 00 96 30] 9509] 93 47 | 92 24] 91 00] 89 35] 8809] 8643] 8515] 83 47] 8218] 80 48 i 00 
10 97 47| 9623] 9457 | 93 30] 9203] 9034 | 89 04] 87 33 | 86 of | 84 29] 8256] 81 22 50 
20 99 10] 97 41 12 | 94 41] 9309] 91 3 go or | 88 26| 8649] 85 12] 83 33] 81 54 40 
30 too 38 | 99 97 32 | 95 56] 9419] 9241] 9101, 89 21 | 8739] 85 56] 8412] 82 27 30 
40 || 102 14 | 100 37} 9859] 9718] 95 35] 9351] 9206] 90 19 30 | 86 41] 84 50] 8259 20 
50 103 59 | 102 17 | 100 33 | 98 47| $658] 9507] 9315] 91 21] 89 25] 87 28] 85 29] 83 30 10 
xX 0O 10s 56 | 104 08 | 102 17 | 100 23] 98 27 | 96 30| 94 29] 9227] 9022] 8817] 8609] 84 o1 i 00 
10 I 106 11 | 104 14 | 102 13 | 10009 | 9802] 95 52| 93 40] 91 26| 89 10] 8652] 84 32 50 
20 110 33 | 108 32] 106 26 | 104 16 | 102 02 | 99 45 | 97 25] 9502] 9236] 9006] 87 35] 85 03 40 
30 113 22] I1r 13 | 108 58 | 106 48 | 104 13 | 101 45] 99 11 | 9034] 9353] 91 09] 88 22] 85 33 30 
40 116 38 | 114 20 | I1I 55 | 109 24 | 106 48 | 104 04] Tor 15] 98 21 | 95 22] 9219] 8912] 86 04 20 
50 120 29 | 118 02] 115 27 | 112 44 | 109 52 | 106 53 | 103 45 | 100 30 | 97 08] 93 40] 90 08] 86 34 10 
Xi 00 125 05 | 122130 | 119 45 | 116 48 | 113 40 | 110 21 | 106 50 | 103 09 | 99 18} 95 19] 91 13] 87 03 I 00 
10 130 39 | 127 59 | 125 04 | 121 53 | 118 30 | 114 48 | 110 50] 106 36 | 102 v7 | 97 24] 92 32| 87 33 50 
20 137 27 | 134 46] 131 48 | 128 30 | 124 50 | 120 46 | 116 16 | 111 20] 105 58 | 100 16 14| 88 03 40 
30 145 4: 143 16 | 140 25 | 137 09 | 133 25 | 129 04 | 124 06 | 118 21 | 111 5x | 104 37] 96 47] 88 32 30 
40 155 4 153 45 | I5I 23 | 148 34 | 145 10 | 141 03 .| 135 58 | 129 4o | 121 53 | 112 23 | Ior 15] 89 oF 20 
XI 50 167 21 | 166 14 | 164 50 | 163 07 | 160 58 | 158 11 | 154 27 | 149 17 | 141 44 | 130 19 | 112 59] 89 31 XII 10 
h.m.| hom.| kh % h.m.| hom h.m.| hom h ms him.| hom.| hom.| hom, 
Sun rises. . . 5 39 5 38 53 ee 5 32 5 30 28 5 2 24 5 22 5 21 5 18 Sun rises. 
Sun sets . 6 21 6 22 6 24 6 6 28 6 30 32 6 34 2 36 6 38 6 39 6 42 Sun sets. 
7 ° ‘ ° ° ‘ ° Pi ° ‘ ° / fo} / fe] ¥) fe] ‘ fe] ‘ ° d £ 
Azimuth. . . || 7857| 7551] 7446| 73.40| 7235| 71 29| 70 23| 6917| 6811| 6705| 65 59| 6453 || Azimuth. 


In North latitude, when the body is rising or East of the meridian, the tabulated azimuths are reckoned from North to East; and when the body 


is setting or West of the meridian, the tabulated azimuths are reckoned from North to West. 
In South latitude, when the body is rising or East of the meridian, the tabulated azimuths are reckoned from South to East; and when the body 


is setting or West of the meridian, the tabulated azimuths are reckoned from South to West. 
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TRUE BEARING OR AZIMUTH. 


LATITUDE 24°. 
=| 
DECLINATION—SAME NAME AS—LATITUDE. 
ie 1 i —T T x 
Dec. 0° ye 24° 3° be 5° 6° 7 s° 9° | 10°) Il Dee. 
March. April. 
21 23 | 26 28 31 3 5 8 IL 13 16 | 19 
oem 
September. August. 
Apparent 23 ar | 18 16 13 10 8 5 2 30 2B | 25 apparent’ 
Time. 
Time. 
A.M September. October. P. MI. 
. M. 
23 26 | 28 a 4 6 9 II 14 17 19 | 22 
March, February. 
21 18 16 13 II 8 6 3 I 26 I 23 20 ml | 
Ihe m. 1 Orr oO Oo - Ont Cds our 0: oh One. ©: it fo} vA ° tA ©. 8 h. m. 
WB Gig Bas cages aioe cle ae tes | oe et alc otaal Meee 83 30 | 8235] 81 41] 8046] 79 51| 78 56 10 
Vi 00 go 00 | 8905] 8810] 87 16 | 8621 | 85 26| 84 3r| 83 36] S241] 81 46| 80 51 | 79 56 vi 00 
10 gI or | go 89 Ir | 88 16 | 87 21 | 86 26} 8531] 8436] 83 41] 82 46] 81 50 | 8055 50 
20 92 02) 9107] 90 12] 89 17} 88 22 | 87 27/ 8631 | 85 36] 84 40] 83 44] 8249] 81 53 40 
30 93 04 | 9209] 91 13] 9018| 89 23 | 8827| 8731] 8635] 8539] 84 43] 83 47| 82 50 30 
40 94 06} 93 IF | 9215 | 9119] 90 24] 89 28] 883r] 87 35 | 86 38 85 42] 84 45 | 83 48 20 
50 95 99 | 9413] 9317] 92 2r]| 91 25] 90 29] 89 32] 8835] 87 38| 86 41 | 85 43] 84 46 10 
VII 00 96 13] 9517] 9421] 93 24] 9227] 91 30] 9033 89 36 | 88 38| 87 40| 86 42] 85 43 Vv oO 
10 97 18 | 96 22} 95 25| 94 28] 93.30] 92 32] 91 34] 90 36] 89 38 39 | 87 40| 86 4r 50 
20 98 25 | 97 28 30 | 95 33] 9435] 93 36] 9237] 91 38] 9039] 8939] 88 40] 87 39 40 
30 99 34 | 98 36 | 97 38| 96 39} 95 40| 94 41 | 93 42} 9242] 91 41| 90 41| 89 40| 88 38 30 
40 || 100 44 | 99 46] 98 47] 97 48] 96 48] 95 48| 9447] 93 46| 92 45| 91 43| 90 41 89 38 20 
5O || tor 57 | 100 58] 99 58] 9858] 9757] 9656] 9555} 9453] 9350| 9247] 91 44 | 90 40 10 
VILE 00 103 13 | 102 13 | Tor 12 | too 11 | 99 09! 9807] 9704! 96 or| 9457] 9353! 9248] or 42 iv oo 
10 104 32 | 103 30 | Io2 28 | ror 26 | 100 24 | 99 20] 9816] 97 11 | 96 06 95 00] 93.54] 92 47 50 
20 105 54 | 104 51 | 103 48 | 102 45 | ror 41 | roo 36] 99 31 | 98 25 97 18 | 96 10} 95 02] 93 53 40 
30 197 20 | 106 17 | 105 13 | 104 08 | 103 02 | ror 56 | 100 49 99 42] 98 33] 97 23] 9613) 95 03 30 
40 108 51 | 107 46 | 106 4r | 105 35 | 104 28 | 103 20 | 102 11 | ror 02 99 SI} 98 40] 97 28 | 96 15 20 
50 I10 26 | 109 21 | 108 14 | 107 06 | 105 58 | 104 48} 103 38 | 102 26 | 101 14 | 100 of | 98 46] 97 31 10 
ix 00 12 08 | 111 of | 109 53 | 108 44 | 107 33 | 106 22 105 IO | 103 56 | 102 41 | Ior 26 | 100 09 | 98 51 Iii 00 
10 113 56 | 112 48 | 111 38 | r10 27 | rog 15 | 108 02 | 106 48 | 105 32 | 104 15 | 102 56 | tor 37 | 100 16 50 
20 IIS 52 | 114 42 | 113 31 | 112 18 | 111 04 | 109 49 | 108 32 | 107 14 105 54 | 104 33 | 103 IL | Tor 47 40 
30 117 56 | 116 45 | 115 32 | 114 18 | 112 02} 111 45 | 110 26 109 05 | 107 42 | 106 18 | 104 52 | 103 25 30 
40 120 09 | 118 57 | 117 43 | 116 27 | 115 09 | 113 49 | 112 28 | 111 04 | 109 38 | 108 rr | 106 42 | 105 11 20 
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Adimuth. «| ob] BH) Fo] BS) SH] Fe] Gas] os] kis] Sh] G5] oo] aciman 


In North latitude, when the body is rising or East of the meridian, fhe tabulated azimuths are reckoned from North to East; and when the body 
is setting or West of the meridian, the tabulated azimuths are reckoned from North to West. 

In South latitude, when the body is rising or East of the meridian, the tabulated azimuths are reckoned from South to East; and when the body 
is setting or West of the meridian, the tabulated azimuths are reckoned from South to West. 


APPENDIX Y: EXTRACTS FROM H.O. PUB. NO. 260 


TRUE BEARING OR AZIMUTH. 
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LATITUDE 24°. 


DECLINATION—SAME NAME AS—LATITUDE. 


13° | b4° | 15° | 16° | £7° | 18° | 19° 2O° | 2° | 22 | 2s° 


| Dec. 


Apparent 
Time. 
A. M. 


April. é June. 
I 


October. 
28 


Apparent 
Time. 
P.M. 


XI 


XII 


Sun rises . 
Sunsets .. 


Sun rises, 
Sun sets. 


Azimuth . 


Azimuth, 


= 


In North latitude, when the body is rising or East of the meridian, the tabulated azimuths are reckoned from North to East; and when the body 


i i idian, tabulated azimuths are reckoned from North to West. 
ze ae a ag or East of the meridian, the tabulated azimuths are reckoned from South to East; and when the body 


is setting or West of the meridian, the tabulated azimuths are reckoned from South to West. 


APPENDIX Z 
EXTRACTS FROM H.O. PUB. NO. 261 


AZIMUTH OR TRUE BEARING. 


_ 
LATITUDE 51°. DECLINATION—SAME NAME AS—LATITUDE. 


LATITUDE 51° 


Hour Angle. 


59° | Hour Angle. 


ORO DANIO 


when the star is setting or West of the meridian, the tabulated azimuths are reckoned from North to West. 


In South latitude, when the star is rising or East of the meridian, the tabulated azimuths are reckon 
when the star is setting or West of the meridian, the tabulated azimuths are reckoned from South to West. 


In North latitude, when the star is tising or Kast of the meridian, the tabulated azimuths are reckoned from North to Kast; and 


ed from South to East; and 


When the latitude and declination are of different name, the tables are to be entered with the supplement of the hour angle and the 


supplement of the tabulated azimuth is to be taken for the required true bearing. 
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APPENDIX Z: EXTRACTS FROM H.O. PUB. NO. 261 1169 


AZIMUTH OR TRUE BEARING. 


LATITUDE 52° DECLINATION—SAME NAME AS—LATITUDE. LATITUDE 52°. 
Hour Angle. 48° 49° 50° 51° 52° 53° 54° 55° 56° 57° 58° 59° Hour Angle. 
h. m. (2 sat) p or or 5 ome or a ih Orne hs sg Osun Ost enk ° am h 
iu QO | 180 00 | 180 00 | 180 00 | 180 00] ..... © 00 0 00 © 00 © 00 © 00 © 00 © 00 0 ‘00 
1O | 157 08 | 151 06 | 140 50 | 121 44 | 89 or | 55 42] 35 58] 25 23| 19 10] 15 11 | 12 25] 102 10 
20 | 139 16 | 131 22 | 120 28 | 105 51 | 88 o2 50 24 | 42 46| 34 19] 28 08] 23 31 | 1 20 
30 | 126 45 | 119 13 | 110 or | 99 09 | 87 03} 74 4t | 63.08] 53 06| 44 48) 38 03 Fe 36 2B ae 30 
eo 117 59 | 111 9 103 42, | 95 11 | 8603 | 76 43} 67 40] 5917] 51 47| 4516] 39 42| 34 56 40 
III 34 | 105 4! 99 21 | 92 24 | 8504] 7735| 7010] 6305] 56 28| 5027] 45 04] 40 17 50 
1 OO | 106 39 | ror 34 | 9603 | 9012] 840 6: 
Ce Ue tee heer raat 2s asta gata bananas |naovry coardinl A428 da ilies gm.n2 Fa 
20 | 99 25| 95 23) 91 08 | 86 44] 8205] 77 23| 7239] 6755| 63 16| 58 45| 54 24| 5017 20 
30 96 36 | 9257] 8909) 85 11] 81 06] 7655] 72 40 27| 6414] 6007] 5606] 52 13 30 
40 94 07 | 90 48 | 87 21 | 83 46] 8005] 7619] 7230] 6839] 6450] 61 03 720s he 5 3n42 40 
50 = 54 | 88 51] 85 42] 82 27] 7905] 75 40| 7211 | 68 40| 65 ro | 61 39 3 12 a 8 50 
2 00 89 50} 87.03] 84 08] 8: 8 0 6 8 
10 87.57 | 85 21 | 8240| 79 A i a 5 = i“ tS eg 4h e : a 4 Pe e y - 7 ti 
20 86 11 | 8345] &1 16] 78 41 | 7603] 73 21| 70 37| 6749] 65 01} 62 12 22 6 31 20 
30 84 30] 8214] 7953] 77 29| 7501 | 72 31| 6957] 67 21 | 64 43] 62 03 A 2. ee ia 30 
ef Pa 53 | 8045] 7833 | 7618] 74 00] 71 38] 69 14 47 19 | 61 49 35 f 36 46 40 
121} 79 20| 7716) 75 09] 7258] 7044|- 68 29] 6611] 63 50] 61 29] 59 06] 56 42 50 
3 ©O | 7951] 7756) 7559| 7359] 71 56 49| 67 42| 65 31 | 63 18] 6 
a 78 23 | 7635| 7443) 7249] 70 53 33 66 $2 6 8 62 42 60 35 3 2 4 i6 i tis 
76 58] 75 15| 73 28| 71 40 9 | 67 56} 66 00} 64 04] 6204] 6003] 5800] 55 56 20 
30 75 34 |" 73 50 | 72°: 70 32 | 68 46| 6658] 65 08} 63 16] 61 22| 59 26| 57 29 | 55 31 30 
40 7412) 7238| 7ror| 69 23| 6742] 6558| 6414] 62 27] 6039] 5848] 5655] 55 02 40 
50 72 50} 71 20] 69 48 | 68 14] 6637] 6459] 6318] 61 37} 5952] 5807] 5619] 54 31 50 
4 00 130] 7004] 6835 | 6704] 6532] 6358] 6222] 60 
10 | 70 10 47| 67 22] 6555 64 7 62 36 61 24] 59 30 3 13 = 3 PH 30 33 3 " 10 
20 68 50| 67 31 | 6609] 64 46] 63 21} 61 54] 6026] 5856] 5724] 5551 | 5415]| 52 39 20 
3O | 6732} 66 14] 64 56] 63 36] 62 14] 6050] 59 26] 5759] 5630] 5501 | 53 29] 51 57 30 
40 | 66 12| 6459] 63 43} 62 6107 | 59 47| 58 25| 570 | 55 36] 54 10] 5243] 5I 13 40 
5O | 6454] 63 43] 6229] 61 15] 5959] 5842] 57 23| 5603] 5440] 5317] 51 52] 50 27 50 
5 00 63 35 | 62 26| 6115] 6004] 58 50| 5736] 5620] 55 03 
53 44 | 52 5102] 4 5 00 
10 62 16| 6109] 6001 | 5852] 5741 | 5630] 55 16] 5402] 5245] 5I 28| 5009] 4! o 10 
20 60 57 | 5953] 5847] 574°] 5632] 5522] 5411] 53.00] 51 46] 5031] 49 16] 47 58 20 
30 | 5938] 5835 | 57 32 27| 55 21| 5414] 5305] 5156] 5045] 4933] 4820| 47 30 
40 | 5818] 5718] 5616] 5514| 5410] 5305] 5159] 5052] 49 44| 48 34] 4723] 46 10 40 
5O | 5659] 5601] 5501} 5400] 5258] 5155] 5052] 4947| 48 40] 47 34] 46 25] 45 15 50 
6 0O | 5539] 5441 | 5343] 5245] 51 46| 5045] 4943] 4841] 4736] 4631 | 4525] 44 18 6 00 
10 | 5416] 5322] 5227] 51 30] 5032] 49 34] 48 34] 4733] 4631 | 4529] 44 25] 43 20 10 
20 | 5258] 5204] 51o9| 5014] 49 19| 48 22| 47 24| 46 25] 45 25| 44 25 | 43 23] 42 20 20 
30 | 5135] 5043| 4951] 4858} 4804] 4709] 4613] 45 16] 44 18] 43 20] 42 20] 41 20 30 
40 5011 | 49 23] 48 31] 4741] 4648] 4555] 45 01 | 44. 06| 43 10] 4213] 41 16} 40 18 40 
50 48 49 | 48 00] 4711 | 46 23] 45 32} 44 40] 43 48| 4256] 4201] 41 08) gor] 39 14 50 
7 00 47 25| 4638] 4551 | 4503] 4415] 43 25| 42 34| 41 44] 4051] 3959] 3906] 38 10 7 00 
10 | 4600} 4516] 4430] 43 43| 4256] 4208] 41 20) 4031] 39 40] 3850] 37 57] 37 05 10 
20 | 4435] 4352] 43 08] 4223] 41 37] 4051] 4004} 3917] 38 28| 3739] 3650] 35 59 20 
3O | 43 10| 42 28| 41 45| 41 0z| 40 18] 39 33] 38 48] 3803] 37 16] 3629] 35 41 | 34 52 30 
40 41 43 | 4102] 4021 | 39 40] 3858] 3815] 37 31} 3647] 3602) 3517] 34 30] 33 43 ao 
50 4015 | 39 37] 3857] 3817] 3736] 3655] 3613] 35 31 | 34 47] 3404] 33 20) 32 34 50 
8 ©O | 3847] 3810] 3731] 3653] 3614] 35 34] 3454] 3414] 3331 | 3250] 3207] 31 24 8 00 
10 | 3717] 3642] 3605] 35 28| 3451 | 3413] 33 34| 3255| 3215] 31 35| 3054] 3013 10 
20 | 35 48| 3514] 3439| 3403] 33 27| 3251] 3214] 31 36] 3058] 3020] 29 41 | 29 o1 20 
30 | 3417] 3345 | 33 11| 3237] 3203] 31 28} 3053| 3017| 2941 | 29 04| 28 26| 27 48 30 
40 32 46 | 3214) 31 43] 31 11 | 3037| 3004] 29 30] 2856] 28 21 | 27 47| 27 11 | 26 34 40 
50 31 13| 3043] 3013] 29 42| 29 11 | 2839] 2807] 2734] 27 0r| 26 28) 2555] 25 20 50 
9 00 29 40 | 2912] 2843] 2814] 27 44] 2714] 26 44| 2612] 2541] 25 10] 2 0! 9 00 
10 28 07 | 2739 | 2712] 26 44| 2616] 2548] 25 19] 24 50 m 4s 3 5I ms et 2 a 10 
20 26 32 | 2606] 25 41] 2515 | 24 48| 2421 | 23.54] 23 26] 22 58| 2230] 2202] 21 32 20 
30 2457 | 2433 | 24 23 43| 23 18 | 2253| 22 28| 2202] 21 36] 21 09] 2043] 2015 30 
40 23 20| 2258| 2235] 2212] 21 48| 21 24| 21 or] 2037) 2012] 19 48] 19 22] 18 57 40 
50 21 43 | 21 22| 21 or | 20 40| 2018] 19 56] 19 34| 39 12] 18 49| 18 25] 1803] 17 39 50 
10 00 20 06 | 19 47| 19 27] 19 07| 1847] 18 27] 1806] 1745] 17 24] 17 0 16 42| 161 10 00 
10 18 28 | 1810] 1751 | 1734] 1715] 1656] 16 38] 16 19 s 59 4 i 15 a 14 = 10 
20 16 50| 1633] 1616] 1600] 15 43] 15 26] 15 09] 14 51 14 34| 1416] 1357] 13 40 20 
30 15 to] 1455| 14 40] 14 26| 1410] 1355] 13 39| 13 24] 1307] 1252] 12 36] 12 19 30 
40 13 30 | 13 17 | 13 04°] 12 51 | 1237 | 12231) 1209] 1155] 11 41 | 11 27] 1113) 10°58 40 
50 11 50| 1139] 11 27| 1115] 1103] 1051 | 1039] 1027] 10 15] 10 02 9 50 9 37 50 
11 00 10 10 | 10 00 950| 939| 929] 918 9 858] 8 47 8 8 26| 815 11 00 
10 8 28 8 21 811 8 03 755 7 47 a 38 7 28 7 20 ett 7 02 6 52 10 
20 6 47 640] 6 33 6 27 620] 614] 606] 600 2 8 I 20 
“ 55 5 45 a3 5 3 
30 505} 500] 455| 450) 445] 440] 434] 430] 424] 419] 413| 408 30 
40 324| 320| 317| 314] 310] 307] 304] 300] 256] 253] 249] 246 40 
50 I 42 I 40 1 38 I 37 135 I 34 I 32 I 30 I 28 I 26 I 24 I 23 50 
12 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 0 00 000]. 0 00 0 00 0 00 12 00 


In North latitude, when the star is rising or East of the meridian, the tabulated azimuths are reckoned from North to East; and 
when the star is setting or West of the meridian, the tabulated azimuths are reckoned from North to West. 

In South latitude, when the star is rising or East of the meridian, the tabulated azimuths are reckoned from South to East; and 
when the star is setting or West of the meridian, the tabulated azimuths are reckoned from South to West. 

When the latitude and declination are of different name, the tables are to be entered with the supplement of the hour angle and the 
supplement of the tabulated azimuth is to be taken for the required true bearing. 
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han selected tabulated latitude, 
If DR latitude is greater than selected tabulated latitude, AL correction is plus; but for DR latitude less than selected tabulated latitude, the correction is minus. 


If DR latitude is greater t! 


Azimuth angle greater than 90° 
Azimuth angle Jess than 90°: 
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MULTIPLICATION TABLE 


OR H. A. DIFF. (minutes of arc) 
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DECLINATION (15°-29°) CONTRARY NAME TO CATITUDE 
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EXPLANATION OF TABLES 


Table 1. Conversion Angle.-The angles listed in this table are the differences 
between the great-circle and rhumb line (Mercator) directions between various points. 
The table can be used either for converting rhumb line directions to equivalent great- 
circle directions, as in great-circle sailing; or the reverse, as in converting radio bearings 
to equivalent rhumb line bearings for plotting on a Mercator chart. The sign to be 
used for each process is indicated at the bottom of the table. As indicated, the sign 
given in the tabulation is reversed if the conversion angle is shown in italics. 

The first one and one-half pages of the table, for differences of longitude of not more 
than 4°5, and middle latitudes between 0° and 85°, is intended primarily for use in 
converting radio bearings observed near a coast. In high latitudes it may be needed 
for converting visual bearings of objects a considerable distance away (art. 2522). 
This part of the table is entered with (1) the middle latitude between the craft and 
radio station or object, and (2) the difference of longitude between these two points. 
Do not use this part of the table if the latitudes are of contrary name (one north, the 
other south), if the difference of latitude is more than 10°, or if the difference of longitude 
is more than 4°5. Under any of these conditions, use the second part of the table. 

For this part, select the page for the latitude nearest the latitude of departure in 
the case of great-circle sailing, or the latitude of the receiver in the case of radio bearings. 
On the selected page, the entering arguments are (1) difference of longitude (DLo) 
between the two points involved, and (2) the latitude of destination in the case of 
great-circle sailing, or the latitude of the transmitter in the case of radio bearings. 
For 0° latitude of departure or receiver, there isa single table. For all other latitudes, 
separate tables are provided for latitudes of same name and contrary name. For 
accurate results, use triple interpolation, as explained in article P4. 

Use of the table is explained in articles 821 (great-circle sailing), 1204 (radio 
bearings), 1206 (consol), 2404 (azimuths by submarine periscope), and 2522 (visual 
bearings in high latitudes). 


The conversion angles on the first one and one-half pages of the table were computed by means 

of the formula: 

tan conversion angle=sin Lm tan 4% DLo, 
in which Lm is the middle latitude, and DLo is the difference of longitude. This formula is based 
upon the assumption that the plot of a great-circle track on a Mercator chart is symmetrical, the 
axis of symmetry being the perpendicular bisector of the rhumb line connecting the two points. No 
error of practical significance in ordinary navigation is introduced by this erroneous assumption over 
the range covered by the first one and one-half pages of the table. 

The remainder of the table was computed by means of the formula: conversion angle=initial 
great-circle direction~rhumb line direction. The initial great-circle directions were computed by 
means of the formula: 

hav C=csc D sec L;, [hav co L;—hav (D~co L,)], 
in which C is the initial great-circle direction, D is the great-circle distance in arc units, L, is the latitude 
of departure (or receiver), and L, is the latitude of the destination (or transmitter). The distance D 
was computed by means of the formula: 

hav D=hav DLo cos L; cos In +hav (Li~I12), 


in which the notation is the same as above. 
The rhumb line directions were computed by means of the formula: 


tan o=DLo, 
m 


in which C is the rhumb line direction, and m=M,~™M,, the meridional parts of the two latitudes. 
1185 
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Table 2. Conversion of Compass Points to Degrees.—In this table the compass is 
boxed to 128 quarter points and the equivalent angle is given in degrees, minutes, 
and seconds. The naming of the quarter points, as given here, is one of several systems 
that have been used. 

Table 3. Traverse Table.—This table provides the quantities needed for solution 
of plane right triangles, arranged in a form for convenient solution of the problems 
encountered in the various sailings (ch. VIII). Two sets of column headings are given 
to indicate the corresponding values in different problems. Thus, if DLo is used as 
entering argument in the first column, p is taken from the second column, but if D 
is used as entering argument in the first column, / is taken from the second column and 
p is taken from the third column. When the top line of column headings is used, 
the individual table is selected by means of the latitude. When the second line is used, 
the table is selected by means of the course. 

The entering argument can be multiplied by any power of 10, including negative 
powers (art. 02), if the corresponding values taken from the table are multiplied by 
the same power. Thus, using the table for course 205°, if D=6 miles, /=5/438, and 
p=2.536 miles; but if D=600 miles, /=543’8, and p=253.6 miles; or if D=0.6 mile, 
/=0'5438, and p=0.2536 mile. 

In this table, DLo is difference of longitude, p is departure, D is distance, J is 
difference of latitude, and m is meridional difference (difference of meridional parts at 
two latitudes). In the solution of any right triangle, D can be considered the hypot- 
enuse, and / and p the other two sides. The angle is that opposite side p. Also, if m 
is one of the short sides of a plane right triangle, DLo is the other side if the given angle 
is that opposite DLo. If the two short sides are known, the angle opposite one of them 
can be determined from the tabulation on the right if the table is entered with the 
quotient found by dividing this side by the other short side. 

The use of this table in the solution of problems of the various sailings is given in 
chapter VIII. 

The top decimal in each individual table is a natural trigonometric function, the p, 2 column 
being cosines, the p column being sines, the DLo, D column being secants, and the DLo column 
being tangents. The decimals below the top line are multiples of the top value. The decimals in 
the center column to the right of the double line are natural tangents at intervals of 0°1. For addi- 
tional decimal places, use table 31. 

Table 4. Conversion Table for Meridional Parts.—The meridional parts given in 
table 5 are for the Clarke spheroid of 1866. The values given in table 4 can be applied 
as corrections to those of table 5 to obtain the meridional parts for the international 
spheroid, the Clarke spheroid of 1880, and the sphere. Data on these spheroids are 
given in appendix D. 

An additional decimal place is given in this table to provide greater accuracy for 
interpolated values. 

Table 5. Meridional Parts.—In this table the meridional parts used in the con- 
struction of Mercator charts and in Mercator sailing are tabulated to one decimal 
place for each minute of latitude from the equator to the poles. The use of the table 
is explained in articles 307 and 817. 

The table was computed by means of the formula: 

M=~a log, 10 log tan (45°+3) a (@ sin L+§ sin? L+$ sinf L+ .. 2) 
in which 

M is the number of meridional parts between the equator and the given latitude, 


a is the equatorial radius of the earth, expressed in minutes of are of the equator, or 


a= 21,600 _ 343774677078 (log =3.5362738827), 


Dean 
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log. is the natural (Naperian) logarithm, using the base e=2.71828182846, 
log. 10=2.30258509299 (log=0.3622156886), 
L is the latitude, 


if e is the ellipticity of the earth, or V 2f — f?=0.08227185422 (log=8.9152512855— 10), 
an 


f is the flattening of the earth, or f= =0.00339006034 (log =7.5302074283 — 10). 


1 
294.98 
Using these values, 

a log. 1O=7915.704468 (log=3.8984895715) 
ae? = 23.268932 (log= 1.3667764504) 


4 

oy = 0.052500 (log =8.7201593034— 10) 
6 

<= 0.000213 (log = 6.3283796034— 10). 


Hence, the formula becomes 
M=7915.704468 log tan (45°+3) — 23.268932 sin L—0.052500 sin? L—0.000213 sin'L .. . 


The constants used in this derivation and in the table are based upon the Clarke spheroid of 1866 
(app. D), the standard reference spheroid used for charting North America. 


Table 6. Length of a Degree of Latitude and Longitude.—This table gives the 
length of one degree of latitude and longitude at intervals of 1° from the equator to 
the poles. In the case of latitude, the values given are the lengths of the arcs extending 
half a degree on each side of the tabulated latitudes. Lengths are given in nautical 
miles, statute miles, feet, and meters. 


The values were computed in meters, using the Clarke spheroid of 1866 (app. D), and converted 
to other units by the factors given in appendix D. The following formulas were used: 


M=111,132.09—566.05 cos 2L+1.20 cos 4L—0.002 cos 6L+ ... 
P=111,415.13 cos L—94.55 cos 3L+0.12 cos 5L— . . 


in which M is the length of 1° of the meridian (latitude), L is the latitude, and P is the length of 1° 
of the parallel (longitude). 


Table 7. Distance of an Object by Two Bearings.—To determine the distance of 
an object as a vessel passes it, observe two relative bearings (right or left) of the object, 
and note the time interval between bearings. Enter this table with the two bearings. 
Multiply the distance run between bearings by the number in the first column to find 
the distance of the object at the time of the second bearing, and by the number in the 
second column to find the distance when abeam. Use of the table is explained in 
article 910. 


The table was computed by solving plane oblique and right triangles (art. 042). 


Table 8. Distance of the Horizon.—This table gives the distance, in nautical and 
statute miles, of the visible horizon for various heights of eye from 1 to 200,000 feet. 
The actual distance varies somewhat as refraction changes. Also, the formulas used 
contain an approximation which introduces an error of a few tenths of a mile at the 
greatest heights tabulated. However, the error is generally less than that introduced 
by nonstandard atmospheric conditions. Since the earth’s ellipticity is not considered, 
the table can be used at any place on the earth, without appreciable error. 

Use of the table is explained in articles 916 (visibility of lights), 1208 (radar), 1606 
(dip), and 1608 (wave height). 


The table was computed by means of the formulas: 
nautical miles: D=1.144-Vh, 
statute miles: D=1.317 yh, 
in which D is the distance of the horizon in miles, and h is the height above the surface in feet. The 
constants 1.144 and 1.317 are based upon the mean radius of the earth according to the Clarke spheroid 
of 1866 (app. D). 
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Table 9. Distance by Vertical Angle.—This table provides means for determining 
the distance of an object of known height above sea level. The vertical angle between 
the top of the object and the visible (sea) horizon (the sextant altitude) is measured 
and corrected for index error and dip only. If the visible horizon is not available 
as a reference, the angle should be measured to the bottom of the object, and dip short 
of the horizon (tab. 22) used in place of the usual dip correction. This may require 
several approximations of distance by alternate entries of tables 9 and 22 until the 
same value is obtained twice. The table is entered with the difference in the height 
of the object and the height of eye of the observer, in feet, and the corrected vertical 
angle; and the distance in nautical miles is taken directly from the table. An error 
may be introduced if refraction differs from the standard value used in the computation 
of the table. Use of the table is explained in article 905. Other references to its use 
are given in articles 609, 4119, and 4127. 

The table was computed by means of the formula: 


p=1/( tan a y+ H—h _ tane 
a 0.000246 0.74736 0.000246’ 


in which D is the distance in nautical miles, a is the corrected vertical angle, H is the height of the 
top of the object in feet, and h is the height of eye of the observer, in feet. The constants 0.000246 
and 0.74736 are based upon the mean refraction (0.0784). 

Table 10. Direction and Speed of True Wind.—This table provides a means of 
converting apparent wind, observed aboard a moving craft, to true wind. To use the 
table, divide the apparent wind, in knots, by the vessel’s speed, also in knots. This 
gives the apparent wind speed in units of ship’s speed. Enter the table with this 
value and the difference between the heading and the apparent wind direction. The 
values taken from the table are (1) the difference between the heading and the true 
wind direction, and (2) the speed of the true wind in units of ship’s speed. The true wind 
is on the same side as the apparent wind, and from a point farther aft. To convert 
wind speed in units of ship’s speed to speed in knots, multiply by the vessel’s speed 
in knots. The steadiness of the wind and the accuracy of its measurement are seldom 
sufficient to warrant interpolation in this table. If speed of the true wind and 
relative direction of the apparent wind are known, enter the column for direction of 
the apparent wind, and find the speed of the true wind, in units of ship’s speed. The 
number to the left is the relative direction of the true wind. The number on the same 
line in the side columns is the speed of the apparent wind in units of ship’s speed. 
Two solutions are possible if speed of the true wind is less than the ship’s speed. Article 
3709 explains the use of this table, and also a graphical solution of the problem. 


The table was computed by solving the triangle involved in a graphical solution, using the 
formulas: 


sin Ba 
"<i pba SERRLA Re 
Sa—cos Ba 
Br=Ba+ta, 
sin Ba 
sin a 


tan a= 


es 


in which @ is an auxiliary angle, Ba is the difference between the heading and the apparent wind 
direction, S, is the speed of the apparent wind in units of ship’s speed, By is the difference between 
the heading and the true wind direction, and Sr is the speed of the true wind in units of ship’s speed. 

Table 11. Correction of Barometer Reading for Height Above Sea Level.—If 
simultaneous barometer readings at different heights are to be of maximum value in 
weather analysis, they should be converted to the corresponding readings at a standard 
height, usually sea level. To convert the observed barometer reading to this level, 
enter this table with the outside temperature and the height of the barometer above 
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sea level. The height of a barometer is the height of its sensitive element; in the case 
of a mercurial barometer, this is the height of the free surface of mercury in the cistern. 
The correction taken from this table applies to the readings of any type barometer, and 
is always added to the observed readings, unless the barometer is below sea level. Use 
of the table is explained in articles 3706 and 4119. 


The correction was computed by means of the formula: 


C=29.92126 a ae EsH | 
antilog Gran tT 
in which 

C is the correction in inches of mercury, 

H is the height of the barometer above sea level in feet, and, 

T is the mean temperature, in degrees Rankine (degrees Fahrenheit plus 459°67), of the air be- 
tween the barometer and sea level. At sea, the outside air temperature is sufficiently 
accurate for this purpose. 

Table 12. Correction of Barometer Reading for Gravity——The height of the 
mercury column of a mercurial barometer is affected by the force of gravity, which 
changes with latitude and is approximately equal along any parallel of latitude. The 
average gravitational force at latitude 45°32’40” is used as the standard for calibration. 
This table provides a correction to convert the observed reading at any other latitude 
to the corresponding value at latitude 45°32’40”, so that it will have maximum value 
in weather analysis of an area. Enter the table with the latitude, take out the correc- 
tion, and apply in accordance with the sign given. This correction does not apply to 
aneroid barometers. Use of the table is further explained in article 3706. 

The correction was computed by means of the formula: 


C=B (—0.002637 cos 2L+ 0.000006 cos? 2L—0.000050), 
in which 
C is the correction in inches, 
B is the observed reading of the barometer (corrected for temperature and instrumental errors) in 
inches of mercury. This table was computed for a standard height of 30 inches, and 
L is the latitude. 


Table 13. Correction of Barometer Reading for Temperature.—Because of the 
difference in expansion of the mercury column of a mercurial barometer and that of the 
brass scale by which the height is measured, a correction should be applied to the reading 
when the temperature differs from the standard used for calibration of the instrument. 
To find the correction, enter this table with the temperature in degrees Fahrenheit, and 
the barometer reading. Apply the correction in accordance with the sign given. This 
correction does not apply to aneroid barometers. Use of the table is further explained 
in article 3706. 

The standard temperature used for calibration is 32°F for the mercury, and 62°F for the brass. 
The correction was computed by means of the formula: 

m (T—32°)—l (T—62° 

¢=—B @ i+m ta 


’ 


in which 

C is the correction in inches, 

B is the observed reading of the barometer in inches of mercury, 

m is the coefficient of cubical expansion of mercury =0.0001010 cubic inches per degree F, 

1 is the coefficient of linear expansion of brass=0.0000102 inches per degree F, and 

T is the temperature of the attached thermometer in degrees F. 
Substituting the values for m and / and simplifying: 

T—28°630 
C= ~ B71 11237,-10978° 

The minus sign before B indicates that the correction is negative if the temperature is more than 
28°630. 
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Table 14. Conversion Table for Millibars, Inches of Mercury, and Millimeters of 
Mercury.—The reading of a barometer in inches or millimeters of mercury correspond- 
ing to a given reading in millibars can be found directly from this table. Use of the 
various units is discussed in article 3702. 


The formula for the pressure in millibars is: 


in which 
P is the atmospheric pressure in millibars, 
By is the height of the column of mercury in millimeters, 
D is the density of mercury = 13.5951 grams per cubic centimeter, and 
g is the standard value of gravity =980.665 dynes. Substituting numerical values: 


P=1.33322Bn, 
and 


je 
B= 1.33322 — 0.750064P. 


Since one millimeter = 0.03937 inches, 


0.03937P 
By= 7.33322 — 0.0295300P, 


in which B; is the height of the column of mercury, in inches. 


Table 15. Conversion Table for Thermometer Scales.—Enter this table with tem- 
perature Fahrenheit, F; Celsius (centigrade), C; or Kelvin, K; and take out the cor- 
responding readings on the other two temperature scales. Temperature measurement 
is discussed in article 3711. 

On the Fahrenheit scale, the freezing temperature of pure water at standard sea- 
level pressure is 32°, and the boiling point under the same conditions is considered 
212°. The corresponding temperatures are 0° and 100°, respectively, on the Celsius 
scale and 273°15 and 373°15, respectively, on the Kelvin scale. The value of (—) 
273°15 C for absolute zero, the starting point of the Kelvin scale, is the value recog- 
nized officially by the National Bureau of Standards of the United States. 


The formulas for converting the reading of one scale to the corresponding values of the others, 
derived from the figures given above, are: 


C=2(F —32°) = K—273°15, 


F=2C+ 32°=2K — 459°67, 


K=2(F + 459967) =C+273°15, 
in which all temperatures are in degrees. 


Table 16. Relative Humidity.—To determine the relative humidity of the atmos- 
phere, enter this table with the dry-bulb (air) temperature (F), and the difference 
between the dry-bulb and wet-bulb temperatures (F). The value taken from the table 
is the approximate percentage of relative humidity. If the dry-bulb and wet-bulb 
temperatures are the same, relative humidity is 100 percent. Use of the table is 
explained in article 3713. 

The table was computed by means of the formula: 


~ 100e, 


‘ Cw 
in which 


R is the approximate relative humidity in percent, 

e is the ambient vapor pressure, and 

ey is the saturation vapor pressure over water at dry-bulb temperature. 
Professor Ferrel’s psychrometric formula was used for computation of e: 


whe dai t’— 32° . 
— [ 0.000367 (t 00+ )] 


EXPLANATION OF TABLES 1191 


in which 
e is the ambient vapor pressure in millibars, 


e’ is the saturation vapor pressure in millibars at wet-bulb temperature with respect to water. 
P is the atmospheric pressure (the millibar equivalent of 30 inches of mercury is used for this 
table), 


t is the dry-bulb temperature in degrees Fahrenheit, and 
t’ is the wet-bulb temperature in degrees Fahrenheit. 


The values of e, were taken from the International Meteorological Organization Publication 
Number 79, 1951, table 2, pages 82-83. 

Table 17. Dew Point.—To determine the dew point, enter this table with the 
dry-bulb (air) temperature (F), and the difference between the dry-bulb and wet-bulb 
temperatures (F). The value taken from the table is the dew point in degrees Fahren- 
heit. If the dry-bulb and wet-bulb temperatures are the same, the air is at or below 
the dew point. Use of the table is explained in articles 3713 and 3715. 


The values given in this table were obtained (1) by determining the saturation vapor pressure e’ 
for the given temperature T (in degrees Rankine) by means of the following formula: 


671.67 
_ 


T 
11.344(| 1 ———_ 
25 ) +5.02808 logo LUGS 1.3816 X NEG ( I le 1) 


oie ads 7.90298 ( 7 


( —s.agi49(“T*"_ 1) ) 
+8.1328X 10-3\.10 —1/+logi 1013.246, 


(2) by determining the ambient vapor pressure by means of Ferrel’s formula (see explanation to 
table 16), (3) by substituting e for e’ in the formula of (1) to obtain the temperature T of the wet 
bulb when saturation occurs (to the precision of table 17), and (4) by converting the wet-bulb 
temperature (T) to the dry-bulb temperature T’ by means of the equation: 


T’=T+(t-t’), 
where (t—t’) is the depression of the wet-bulb temperature. Tables evaluating e’ in terms of T for 


use in steps (1) and (3) are given in International Meteorological Organization Publication Number 
79, 1951, and the Smithsonian Meteorological Tables, Sixth Revised Edition, 1951. 


Table 18. Speed Table for Measured Mile.—To find the speed of a vessel travers- 
ing a measured nautical mile in a given number of minutes and seconds of time, enter 
this table at the top or bottom with the number of minutes, and at either side with the 
number of seconds. The number taken from the table is speed in knots. Accurate 
results can be obtained by interpolating to the nearest 0.1 second. Use of the table is 
explained in articles 608 and 615. 

This table was computed by means of the formula: 
«3600, 
ab 
in which § is speed in knots, and T is elapsed time in seconds. 


Table 19. Speed, Time, and Distance.—To find the distance steamed at any given 
speed between 0.5 and 40 knots in any given number of minutes from 1 to 60, enter 
this table at the top with the speed, and at the left with the number of minutes. The 
number taken from the table is the distance in nautical miles. If hours are substi- 
tuted for minutes, the tabulated distance should be multiplied by 60; if seconds are 
substituted for minutes, the tabulated distance should be divided by 60. Use of the 
table is explained in articles 608, 801, and P1. 


The table was computed by means of the formula: 


in which D is distance in nautical miles, 8 is speed in knots, and T is elapsed time in minutes. 


Table 20. Conversion Table for Nautical and Statute Miles.—This table gives 
the number of statute miles corresponding to any whole number of nautical miles from 
1 to 100, and the number of nautical miles corresponding to any whole number of 
statute miles within the same range. The entering value can be multiplied by any 
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power of 10, including negative powers, if the corresponding value of the other unit is 
multiplied by the same power. Thus, 2,700 nautical miles are equivalent to 310731 
statute miles, and 0.3 statute mile is equivalent to 0.2607 nautical mile. Hence, to 
find the number of statute miles equal to 2463.2 nautical miles: 


Nautical miles Statute miles 
2400. 0 2761.9 
63. 0 PND 
0. 2 0.2 
24638. 2 2834. 6 


Use of the table is explained in articles 205 and 607. 


The table was computed by means of the conversion factors of appendix D: 
1 nautical mile=1.15077945 statute miles, 


1 statute mile=0.86897624 nautical mile. 

Table 21. Conversion Table for Meters, Feet, and Fathoms.—The number of feet 
and fathoms corresponding to a given number of meters, and vice versa, can be taken 
directly from this table for any value of the entering argument from 1 to 120. The 
entering value can be multiplied by any power of 10, including negative powers, if the 
corresponding values of the other units are multiplied by the same power. Thus, 420 
meters are equivalent to 1378.0 feet, and 11.2 fathoms are equivalent to 20.483 meters. 
Hence, to find the number of meters equal to 2163 feet: 


Feet Meters 
2100 640 

63 19 
2163 659. 


These units of measurement are discussed in article 607. 


The table was computed by means of the relationships given in appendix D: 
1 meter =39.370079 inches, 
1 foot =12 inches, 
1 fathom=6 feet. 


Approximately the same results would be obtained by using the direct conversion factors given in 
appendix D. 


Table 22. Dip of the Sea Short of the Horizon.—If land, another vessel, or other 
obstruction is between the observer and the sea horizon, use the water line of the obstruc- 
tion as the horizontal reference for altitude measurements, and substitute dip from this 
table for the dip of the horizon (height of eye correction) given in the American Nautical 
Almanac or other source. The values below the bold rules are for normal dip, the 
visible horizon being between the observer and the obstruction. Use of the table is 
explained in article 1606 and in the explanation of table 9. 

The table was computed by means of the formula: 


D,=0.4156d+ 0.56587, 


in which D, is the dip short of the sea horizon, in minutes; d is the distance to the water line of the 
obstruction, in nautical miles; and h is the height of eye of the observer above sea level, in feet. 
Table 23. Altitude Correction for Air Temperature.—This table provides a correc- 
tion to be applied to the altitude of a celestial body when the air temperature varies 
from the 50° F used for determining mean refraction by means of the Nautical Almanac. 
For maximum accuracy, apply index correction and dip to sextant altitude first, 
obtaining rectified (apparent) altitude for use in entering this table. Enter the table 
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with altitude and air temperature in degrees Fahrenheit. Apply the correction, in 
accordance with its tabulated sign, to altitude. Use of the table is explained princi- 
pally in chapter XVI, and especially in articles 1614 and 1632. 
The table was computed by means of the formula: 
510 
460+T/’ 
in which R,, is mean refraction and T is temperature in degrees Fahrenheit. 


Table 24. Altitude Correction for Atmospheric Pressure.—This table provides a 
correction to be applied to the altitude of a celestial body when the atmospheric pressure 
varies from the 29.83 inches (1010 millibars) used for determining mean refraction by 
means of the Nautical Almanac. For most accurate results, apply index correction 
and dip to sextant altitude first, obtaining rectified (apparent) altitude for use in 
entering this table. Enter the table with altitude and atmospheric pressure. Apply 
the correction to altitude, adding if the pressure is less than 29.83 inches and subtracting 
if it is more than 29.83 inches. Use of the table is explained principally in chapter 
XVI, and especially in articles 1615 and 1632. 


The table was computed by means of the formula: 


Correction= Ra( 1 — 


: P 
Correction= Ra( 1— saa) 


in which Ry, is mean refraction and P is atmospheric pressure in inches of mercury. 


Table 25. Meridian Angle and Altitude of a Body on the Prime Vertical Circle-—A 
celestial body having a declination of contrary name to the latitude does not cross the 
prime vertical above the celestial horizon, its nearest approach being at rising or setting. 

If the declination and latitude are of the same name, and the declination is numeri- 
cally greater, the body does not cross the prime vertical, but makes its nearest approach 
(in azimuth) when its meridian angle, east or west, and altitude are as shown in this 
table, these values being given in italics above the heavy line. At this time the body 
is stationary in azimuth. 

If the declination and latitude are of the same name and numerically equal, the 
body passes through the zenith as it crosses both the celestial meridian and the prime 
vertical, as shown in the table. 

If the declination and latitude are of the same name, and the declination is numeri- 
cally less, the body crosses the prime vertical when its meridian angle, east or west, 
and altitude are as tabulated in vertical type below the heavy line. 

The table is entered with declination of the celestial body and the latitude of the 
observer. Computed altitudes are given, no allowance having been made for refraction, 
dip, parallax, etc. The tabulated values apply to any celestial body, but values are 
not given for declination greater than 23° because the tabulated information is gen- 
erally desired for the sun only. Use of the information given in this table is discussed 
in articles 2107, 2125, and 2306. 

The table was computed by means of the following formulas, derived by Napier’s rules (art. 
042): 

epee approach (in azimuth) to the prime vertical: 


esc h=sin d ese L, 
sec t=tan d cot L. 


On the prime vertical: 
sin h=sin d ese L, 


cos t=tan d cot L. 
In these formulas, h is the altitude, d is the declination, L is the latitude, t is the meridian angle. 
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Table 26. Latitude and Longitude Factors.—The latitude obtained by solution 
of an ex-meridian sight (art. 2103) is inaccurate if the longitude used in determining 
the meridian angle is incorrect. Similarly, the longitude obtained by solution of a 
time sight (art. 2106) is inaccurate if the latitude used in the solution is incorrect, 
unless the celestial body is on the prime vertical. This table gives the errors resulting 
from unit errors in the assumed values used in the computations. There are two 
columns for each tabulated value of latitude. The first gives the latitude factor, f, 
which is the error in minutes of latitude for a one-minute error of longitude. The 
second gives the longitude factor, F, which is the error in minutes of longitude for a 
one-minute error of latitude. In each case, the total error is the factor multiplied by 
the number of minutes error in the assumed value. Although the factors were originally 
intended for use in correcting ex-meridian altitudes and time-sight longitudes, they 
have other uses which may suggest themselves. 

The azimuth angle used for entering the table can be measured from either the 
north or south, through 90°; or it may be measured from the elevated pole, through 
180°. If the celestial body is in the southeast (090°-180°) or northwest. (270°-360°) 
quadrant, the f correction is applied to the northward if the correct longitude is east of 
that used in the solution, and to the southward if the correct longitude is west of that 
used; while the F correction is applied to the eastward if the correct latitude is north of 
that used in the solution, and to the westward if the correct latitude is south of that 
used. If the body is in the northeast (000°-090°) or southwest (180°-270°) quadrant, 
the correction is applied in the opposite direction. These rules apply in both north 
and south latitude. 


The table was computed by means of the formulas: 


arse od) lo-opeabuy 
f=cos L tan A SoLcOeET 
1 il 


F=sec L cot A= odlen lean Bs 


in which f is the tabulated latitude factor, L is the latitude, Z is the azimuth angle, and F is the tabu- 
lated longitude factor. 

Table 27. Amplitudes.—This table lists amplitudes of celestial bodies at rising and 
setting. Enter with the declination of the body and the latitude of the observer. The 
value taken from the table is the amplitude when the center of the body is on the celestial 
horizon. For the sun, this occurs when the lower limb is a little more than half a 
diameter above the visible horizon. For the moon it occurs when the upper limb is 
about on the horizon. Use the prefix E if the body is rising, and W if it is setting; use 
the suffix N or S to agree with the declination of the body. Table 28 can be used with 
reversed sign to correct the tabulations to the values for the visible horizon. Use of 
table 27 is explained in article 2125. 

The table was computed by means of the following formula, derived by Napier’s rules (art. 042): 
sin A=sec L sin d, 
in which A is the amplitude, L is the latitude of the observer, and d is the declination of the celestial 
body. 

Table 28. Correction of Amplitude as Observed on the Visible Horizon.— 
This table contains a correction to be applied to the amplitude observed when the 
center of a celestial body is on the visible horizon, to obtain the corresponding amplitude 
when the center of the body is on the celestial horizon. For the sun, a planet, or a star, 
apply the correction in the direction away from the elevated pole, thus increasing the 
azimuth angle. For the moon apply half the correction toward the elevated pole. This 
correction can be applied in the opposite direction to a value taken from table 27, to 
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find the corresponding amplitude when the center of a celestial body is on the visible 
horizon. The table was computed for a height of eye of 41 feet. For other heights 
normally encountered, the error is too small to be of practical significance in ordinary 
navigation. Use of the table is explained in article 2125. 

The values in the table were determined by computing the azimuth angle when the center of the 
celestial body is on the visible horizon, converting this to amplitude, and determining the difference 


between this value and the corresponding value from table 27. Computation of azimuth angle was 
made for an altitude of (—)0°42/0, determined as follows: 


Dip at 41 feet height of eye (—) 6/2 
Refraction at (—)6/2 alt. (—)35/3 
Irradiation of horizon (—) 0/6 
Parallax (value for sun) (+) 0°1 


Azimuth angle was computed by means of the formula: 
_sin d+sin h sin L 

Cos bacos ili 
in which Z is the azimuth angle, d is the declination of the celestial body, h is the altitude (—0°42'0), 
and L is the latitude of the observer. 

Table 29. Altitude Factor.—In one minute of time from meridian transit the 
altitude of a celestial body changes by the amount shown in this table if the altitude 
is between 6° and 86°, the latitude is not more than 60°, and the declination is not more 
than 63°. The values taken from this table are used to enter table 30 for solving reduc- 
tion to the meridian (ex-meridian) problems, explained in article 2103. 

For upper transit, use the left-hand pages if the declination and latitude are of the 
same name (both north or both south) and the right-hand pages if of contrary name. 
For lower transit, use the values below the heavy lines on the last three contrary-name 
pages. When a factor is taken from this part of the table, the correction from table 30 
is subtracted from the observed altitude to obtain the corresponding meridian altitude. 
All other corrections are added. 

The table was computed by means of the formula: 

a=1"9635 cos L cos d ese (L~d), 


in which a is the change of altitude in one minute from meridian transit (the tabulated value), L is 
the latitude of the observer, and d is the declination of the celestial body. 

This formula can be used to compute values outside the limits of the table, but is not accurate 
if the altitude is greater than 86°. 

Table 30. Change of Altitude in Given Time from Meridian Transit.—Enter this 
table with the altitude factor from table 29 and the meridian angle, in either arc or time 
units, and take out the difference between the altitude at the given time and the 
altitude at meridian transit. Enter the table separately with whole numbers and 
tenths of a, interpolating for t if necessary, and add the two values to obtain the total 
difference. This total can be applied as a correction to observed altitude to obtain 
the corresponding meridian altitude, adding for upper transit and subtracting for lower 
transit. This problem is further discussed in article 2103. 


The table was computed by means of the formula: 


os Z 


_ at? 


C=% P 


in which C is the tabulated difference to be used as a correction to observed altitude, in minutes of 
arc; a is the altitude factor from table 29, in seconds of arc; and t is the meridian angle, in minutes of 


time. 
This formula should not be used for determining values beyond the limits of the table, unless 


reduced accuracy is acceptable. 
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Table 31. Natural Trigonometric Functions.—This table gives the values of 
natural sines, cosecants, tangents, cotangents, secants, and cosines of angles from 0° to 
180°, at intervals of 1’. For angles between 0° and 45° use the column labels at the 
top and the minutes at the left; for angles between 45° and 90° use the column labels 
at the bottom and the minutes at the right; for angles between 90° and 135° use the 
column labels at the bottom and the minutes at the left; and for angles between 135° 
and 180° use the column labels at the top and the minutes at the right. These com- 
binations are indicated by the arrows accompanying the figures representing the 
number of degrees. For angles between 180° and 360°, subtract 180° and proceed 
as indicated above to obtain the numerical values of the various functions. 

Differences between consecutive entries are shown in the “Diff. 1’ ”’ column to 
the right of each column of values of a trigonometric function, as an aid to interpolation. 
These differences are one-half line out of step with the numbers to which they apply, as in 
a critical table. Each difference applies to the values half a line above and half a line 
below. To determine the correction to apply to the value for the smaller entering angle, 


en) of the entering 


angle. Note whether the function is increasing or decreasing, and add or subtract 
the correction as appropriate, so that the interpolated value lies between the two 
values between which interpolation is made. 

The logarithms of values given in this table are given in table 33. The trig- 
onometric functions are explained in article 039. 

Table 32. Logarithms of Numbers.—The first page of this table gives the com- 
plete common logarithm (characteristic and mantissa) of numbers 1 through 250. 
The succeeding pages give the mantissa only of the common logarithm of any number. 
Values are given for four significant digits of entering values, the first three being in the 
left-hand column, and the fourth at the heading of one of the other columns. Thus, 
the mantissa of a three-digit number is given in the column headed 0, on the line with 
the given number; while the mantissa of a four-digit number is given in the column 
headed by the fourth digit, on the line with the first three digits. As an example, the 
mantissa of 328 is 51587, while that of 3.284 is 51640. For additional digits, interpola- 
tion should be used. The difference between each tabulated mantissa and the next 
larger tabulated mantissa is given in the “d” column to the right of the smaller mantissa. 
This difference can be used to enter the appropriate proportional parts (‘‘Prop. parts’’) 
auxiliary table to interpolate for the fifth digit of the given number. If an accuracy of 
more than five significant digits is to be preserved in a computa tion, a table of logarithms 
to additional decimal places should be used. For a number of one or two digits, use 
the first page of the table or add zeros to make three digits. That is, the mantissa of 
3, 30, and 300 is the same, 47712. Interpolation on the first page of the table is not 
recommended. The second part should be used for values not listed on the first page. 

Additional information on the nature and use of logarithms is given in article O10. 

Table 33. Logarithms of Trigonometric Functions.—This table gives the common 
logarithms (+10) of sines, cosecants, tangents, cotangents, secants, and cosines of 
angles from 0° to 180°, at intervals of 1’. For angles between 0° and 45° use the col- 
umn labels at the top and the minutes at the left; for angles between 45° and 90° use 
the column labels at the bottom and the minutes at the right; for angles between 90° 
and 135° use the column labels at the bottom and the minutes at the left ; and for angles 
between 135° and 180° use the column labels at the top and the minutes at the right. 
These combinations are indicated by the arrows accompanying the figures representing 
the number of degrees. For angles between 180° and 360°, subtract 180° and pro- 
ceed as indicated above to obtain the numerical values of the various functions. 


multiply the difference by the number of tenths of a minute (or 
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Differences between consecutive entries are shown in the ‘Diff. 1’”’ columns as 
in table 31, except that one difference column is used for both sines and cosecants, 
another for both tangents and cotangents, and a third for both secants and cosines. 
These differences, given as an aid to interpolation, are one-half line out of step with 
the numbers to which they apply, as ina critical table. Each difference applies to the 
values half a line above and half a line below. To determine the correction to apply to the 


value for the smaller entering angle, multiply the difference by the number of tenths of a 
seconds 


minute (or ey of the entering angle. Note whether the function is increas- 
ing or decreasing, and add or subtract the correction as appropriate, so that the inter- 
polated value lies between the two values between which interpolation is made. 

Natural trigonometric functions are given in table 31. The trigonometric func- 
tions, both natural and logarithmic, are explained in article O39. 

Table 34. Haversines.—This table lists the common logarithms (+10) of haver- 
sines, and natural haversines, of angles from 0° to 360°, at intervals of 1’. For angles 
between 0° and 180° use the degrees as given at the tops of the columns and the minutes 
at the left; for angles between 180° and 360° use the degrees as given at the bottoms of 
the columns and the minutes at the right. 


A haversine is half of a versed sine: 
hav A=\% ver A=% (1—cos A)=sin? 4 A. 


It is further discussed in article 039. Examples of the use of haversines are given in articles 822 and 
2109. 
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TABLE 1 
Conversion Angle 


Great-circle Sailing and Radio Bearings 


Latitude of Departure—40°—Latitude of Receiver 
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SH by Hy E_s. .« 1034 | 120 56 15 NW by W\4W----| 2634 | 300 56 15 
Sinby, Wesess. 2. 2 ns 11 123 45 00 NW by We -4- ce.) 27 303 45 00 
Roam ek ee 1894, 126 33.45 MWe4W od esee- 271% | 306 33 45 
DEG Mee = 4 oe 1144 | 129 22 30 NWi6W = 24-2556- 2714 | 309 22 30 
RAR bok eS NWW...-------| 2734 | 312 11 15 

8 
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TABLE 3 
Traverse Table 
Course 
0°—180°—180°—360° es eee 
DLo p LLL, ne ee LL a oi a 
D n p o m ) i 7 E 
1 1. 000 0. 000 il 1. 000 1 0. 000 0. 1 0. 002 0. 9 
2 2. 000 0. 000 2 2. 000 2 0. 000 OZ 0. 003 0. 8 
3 3. 000 0. 000 3 3. 000 3 0. 000 023 0. 005 0. 7 
4 4. 000 0. 000 4 4. 000 4 0. 000 0. 4 0. 007 0. 6 
5 5. 000 0. 000 5 5. 000 5) 0. 000 0. 5 0. 009 O75 
6 6. 000 0. 000 6 6. 000 6 0. 000 0. 6 0. 010 0. 4 
Me 7. 000 0. 000 u 7. 000 ¢ 0. 000 O7 0. 012 0. 3 
8 8. 000 0. 000 8 8. 000 8 0. 000 0. 8 0. 014 O82 
9 9. 000 0. 000 9 9. 000 9 0. 000 0. 9 0. 016 Oet 
Course 
1°—179°—181°—359° ie 
1° = ° 
DLo D LLL, Vi) DLo VIM ee van oe. ce 
D y p H D m DLo fj : 
iL 1. 000 0. 017 1 1. 000 il 0. 017 0. 1 0. 019 0. 9 
2 2. 000 0. 035 2 2. 000 2 0. 035 0. 2 0. 021 0. 8 
3 3. 000 0. 052 3 3. 000 3 0. 052 0. 3 0. 023 0. 7 
4 3. 999 0. 070 4 4. 001 4 0. 070 0. 4 0. 024 0. 6 
5 4. 999 0. 087 5 5. 001 5 0. 087 0. 5 0. 026 0. 5 
6 5. 999 0. 105 6 6. 001 6 0. 105 0. 6 0. 028 0. 4 
7 6. 999 OM iZ2 i 7. 001 a OF 22 0. 7 0. 030 0: 3 
8 7. 999 0. 140 8 8. 001 8 0. 140 0. 8 0. 031 Os2 
9 8. 999 0. 157 9 9. 001 9 OF 57 0. 9 0. 033 0. 1 
—————_—— 
Course 
2°—178°—182°—358° ee 
oO prane 7 fe] 
DLo D MMMM DLo ELE LL 182° DLo+m = 
D l p l D m DLo 0. 0 0. 035 ie 
il 0. 999 0. 035 1 1. 001 1 0. 035 0. 1 0. 037 0. 9 
2 1. 999 0. 070 2 2. 001 2 0. 070 0. 2 0. 038 0. 8 
3 2. 998 0. 105 3 3. 002 3 0. 105 0. 3 0. 040 One 
4 3. 998 0. 140 4 4. 002 4 0. 140 0. 4 0. 042 0. 6 
5 4. 997 0. 174 '5 5. 003 5 OZ 0. 5 0. 044 0. 5 
6 5. 996 0. 209 6 6. 004 6 0. 210 0. 6 0. 045 0. 4 
(h 6. 996 0. 244 7 7. 004 7 0. 244 O: 7% 0. 047 0:3 
8 7. 995 0. 279 8 8. 005 8 0. 279 0. 8 0. 049 0. 2 
9 8. 995 0. 314 9 9. 005 9 0: 314 0. 9 0. 051 0. 1 
—————— ee ot 
Cc 
3°—177°—183°—357° ee 
ge = 176° 
DLo p HL DLo VA 183° DLo+m 356° 
D l p l D m DLo 0. 0 0. 052 1.0 
1 0. 999 0. 052 1 1. 001 1 0. 052 OQ: 1 0. 054 0. 9 
2, 1. 997 0. 105 2 2. 0038 2 0. 105 0. 2 0. 056 0. 8 
3 2. 996 (Oh ese 3 3. 004 3 0. 157 0. 3 0. 058 OF 7 
4 3. 995 0. 209 4 4. 005 4 0. 210 0. 4 0. 059 0. 6 
5 4. 993 0. 262 5 5. 007 5 0. 262 0. 5 0. 061 0. 5 
6 5. 992 0. 314 6 6. 008 6 0. 314 0. 6 0. 063 0. 4 
@ 6. 990 0. 366 7 7. 010 7 0. 367 OR 0. 065 03 
8 7. 989 0. 419 8 8. 011 8 0. 419 0. 8 0. 066 0. 2 
9 8. 988 0. 471 9 9. 012 9 0. 472 0. 9 0. 068 0. 1 
—_—_—_——————— ee Ey ST 
4°—176°—184°—356° a 
4° oa 175° 
DLo p A DLo CALLA LLL LLL 184° DLo+m 355° 
D l Pp l D m DLo 0. 0 0. 070 1.0 
1 0. 998 0. 070 1 1. 002 1 0. 070 0. 1 0. 072 0. 9 
2 1. 995 0. 140 2 2. 005 2 0. 140 0. 2 0. 073 0. 8 
3 2. 993 0. 209 3 3. 007 3 OF210 0. 3 0. 075 0. 7 
4 3. 990 0. 279 4 4. 010 4 0. 280 0. 4 0. 077 0. 6 
5 4. 988 0. 349 5 5. 012 5 0. 350 0. 5 0. 079 0. 5 
6 5. 985 0. 419 6 6. 015 6 0. 420 0. 6 0. 080 0. 4 
7 6. 983 0. 488 if 7. 017 i 0. 489 0. 7 0. 082 0. 3 
8 7. 981 0. 558 8 8. 020 8 0. 559 0. 8 0. 084 0. 2 
9 8. 978 0. 628 9 9. 022 9 0. 629 0. 9 0. 086 0. 1 
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Traverse Table 
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5°—175°—185°—355° 


Course 


5° p+l ° 
Dio a TT DLo WM) 1ss° =| Lozm | 3° 
p U D m DLo 0. 0 0. 087 1.0 
1 0. 996 0. 087 1 1. 004 1 0. 087 0.1 0. 089 0.9 
2 1. 992 0. 174 2 2. 008 2 0. 175 0.2 0. 091 0.8 
3 2. 989 0. 261 3 3. 011 3 0. 262 0.3 0. 093 0.7 
4 3. 985 0. 349 4 4. 015 4 0. 350 0.4 0. 095 0. 6 
5 4. 981 0. 436 5 5. 019 5 0. 437 0.5 0. 096 0.5 
6 5. 977 0. 523 6 6. 023 6 0. 525 0. 6 0. 098 0.4 
7 6. 973 0. 610 7 7. 027 7 0. 612 0.7 0. 100 0.3 
8 7. 970 0. 697 8 8. 031 8 0. 700 0.8 0. 102 0.2 
9 8. 966 0. 784 9 9. 034 9 0. 787 0.9 0. 103 0.1 
6°—174°—186°—354° aieghe 
6° [etude TES ives 
DLo D Tn DLo VMTN 186° DLo+m 353° 
D l p l D m DLo 0. 0 0. 105 1.0 
1 0. 995 0. 105 1 1. 006 1 0. 105 0.1 0. 107 0.9 
2 1. 989 0. 209 2 2.011 2 0. 210 0.2 0. 109 0.8 
3 2. 984 0. 314 3 3.017 3 0. 315 0.3 0. 110 0.7 
4 3. 978 0. 418 4 4. 022 4 0. 420 0. 4 0. 112 0. 6 
5 4. 973 0. 523 5 5. 028 5 0. 526 0.5 0. 114 0.5 
6 5. 967 0. 627 6 6. 033 6 0. 631 0. 6 0. 116 0.4 
7 6. 962 0. 732 7 7. 039 7 0. 736 0.7 0. 117 0.3 
8 7. 956 0. 836 8 8.044 8 0. 841 0.8 0. 119 0.2 
9 8. 951 0. 941 9 9. 050 9 0. 946 0.9 0. 121 0.a 
7°—173°—187°—353° — 
he p+ 172° 
DLo Dp TL DLo VT —_187° DLo+m 352° 
D l D l D m DLo 0.0 0. 123 1.0 
1 0. 993 0. 122 1 1. 008 1 0. 123 0.1 0. 125 0.9 
2 1. 985 0. 244 2 2.015 2 0. 246 0.2 0. 126 0.8 
3 2. 978 0. 366 3 3. 023 3 0. 368 0.3 0. 128 0.7 
4 3. 970 0. 487 4 4. 030 4 0. 491 0. 4 0. 130 0. 6 
5 4. 963 0. 609 5 5. 038 5 0. 614 0.5 0. 132 0.5 
6 5. 955 0. 731 6 6. 045 6 0. 737 0. 6 0. 133 0. 4 
7 6. 948 0. 853 } 7. 053 7 0. 859 0.7 0. 135 0.3 
8 7. 940 0. 975 8 8. 060 8 0. 982 0.8 0. 137 0.2 
9 8. 933 1. 097 9 9. 068 9 1. 105 0.9 0. 139 0.1 
8°—172°—188°—352° ae 
g° p+ zie 
DLo D TA] WS DLo ET 138° 2s ae 
D l p l D m DLo 0. 0 F j 
1 0. 990 0. 139 1 1. 010 1 0. 141 0.1 0. 142 0.9 
2 1. 981 0. 278 2 2. 020 2 0. 281 0. 2 0. 144 0.8 
3 2. 971 0. 418 3 3. 029 3 0. 422 0.3 0. 146 Og 
4 3. 961 0. 557 4 4. 039 4 0. 562 0.4 0. 148 0. 6 
5 4, 951 0. 696 5 5. 049 5 0. 703 0.5 0. 149 0.5 
6 5. 942 0. 835 6 6. 059 6 0. 843 0. 6 0.151 0. 4 
| 6. 932 0. 974 7 7. 069 7 0. 984 0.7 0. 153 0.3 
8 7, 922 1. 113 8 8. 079 8 1. 124 0.8 0. 155 0.2 
9 8. 912 1. 253 9 9. 088 9 1. 265 0.9 0. 157 0.1 
9°—171°—189°— 351° * =e as 
DLo es LL DLo Tc TTT Es 20 au 
D t p ji D m 0 i r E 
1 0. 988 0. 156 1 1. 012 1 0. 158 0.1 0. 160 0.9 
2 1. 975 0. 313 2 2. 025 2 0. 317 0.2 0. 162 0.8 
3 2. 963 0. 469 3 3. 037 3 0. 475 0.3 0. 164 0.7 
4 3. 951 0. 626 4 4. 050 4 0. 634 0.4 0. 166 0. 6 
5 4, 938 0. 782 5 5. 062 5 0. 792 0.5 0. 167 0.5 
6 5. 926 0. 939 6 6. 075 6 0. 950 0.6 0. 169 0. 4 
7 6. 914 1. 095 7 7. 087 % 1. 109 0.7 0.171 0.3 
8 7. 902 1. 251 8 8. 100 8 1. 267 0.8 0. 173 0.2 
9 8. 889 1. 408 9 9. 112 9 1. 425 0.9 0. 175 0.1 
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TABLE 3 


Traverse Table 


Course 

10°—170°—190°—350° ee 
DLo Dp i a af ue “a oe ma 

D l p Uj m (e) . Fe 6 
1 0. 985 0. 174 1 1. 015 1 0. 176 0.1 0. 178 0. 9 
2 1. 970 0. 347 2 2. 031 2 0. 353 0. 2 0. 180 0. 8 
3 2. 954 0. 521 3 3. 046 3 0. 529 0.3 0. 182 0.7 
4 3. 939 0. 695 4 4. 062 4 0. 705 0. 4 0. 184 0. 6 
5 4, 924 0. 868 5 5. 077 5 0. 882 0.5 0. 185 0.5 
6 5. 909 1. 042 6 6. 093 6 1. 058 0. 6 0. 187 0. 4 
7 6. 894 1. 216 7 7. 108 7 1. 234 0. 7 0. 189 0. 3 
8 7. 878 1. 389 8 8. 123 8 1. 411 0. 8 0. 191 0.2 
9 8. 863 1. 563 9 9. 139 9 1. 587 0. 9 0. 193 0.1 

Course 

11°—169°—191°—349¢ eS 
DLo D MMMM Bi MT TT i aan ae on 

D U p l m o i i bs 
1 0. 982 0. 191 1 1. 019 1 0. 194 0.1 0. 196 0. 9 
2 1. 963 0. 382 2 2. 037 2 0. 389 0.2 0. 198 0.8 
3 2. 945 0. 572 3 3. 056 3 0. 583 0.3 0. 200 0.7 
4 3. 927 0. 763 4 4,075 4 0. 778 0. 4 0. 202 0. 6 
5 4. 908 0. 954 5 5. 094 5 0. 972 0.5 0. 203 0.5 
6 5. 890 1. 145 6 6. 112 6 1. 166 0. 6 0. 205 0. 4 
7 6. 871 1. 336 7 7. 181 @ 1. 361 0. 7 0. 207 0. 3 
8 7. 853 1. 526 8 8. 150 8 1. 555 0.8 0. 209 0. 2 
9 8. 835 Wh gale 9 9. 168 9 1. 749 0. 9 0. 211 (yal 

SS SE a SE 
Cc 

12°—168°—192°—348° Se 
DLo Dp i aes DLo THM ETT 192° | DLozm —— as 

D I p 1 D m DLo 0.0 0. 7 
1 9 0. 1 il 1 0. 213 0.1 0. 214 0. 9 
2 0. 2 2) 2 0. 425 0. 2 0. 216 0.8 
3 0. 3 3. 3 0. 638 0. 3 0. 218 0.7 
4 0. 4 4, 4 0. 850 0. 4 0. 220 0. 6 
5 1. 5 5. 5 1. 063 0.5 0. 222 0.5 
6 il, 6 6. 6 1. 275 0. 6 0. 224 0. 4 
7 ih 7 7. 7 1. 488 0.7 0. 225 0.3 
8 il. 8 8. 8 1. 700 0.8 0. 227 0. 2 
9 1. 9 9. 9 1. 913 0. 9 0. 229 0.1 

Cc 

13°—167°—193°—347° ae 
DLo Dp MMMM Pp |_____DLo MINT \| 198° DLo+m 346° 
D u Pp U D ™m DLo 0. 0 0. 231 1.0 
1 0. 1 1. 026 1 0. 231 0. 1 0. 233 0. 9 
2 0. 2 2. 053 2 0. 462 0. 2 0. 235 0.8 
3 0. 3 3. 079 3 0. 693 0.3 0. 236 0.7 
4 0. 4 4, 105 4 0. 923 0. 4 0. 238 0. 6 
5 il, 5 5. 182 5 1. 154 0.5 0. 240 0.5 
6 th. 6 6. 158 6 1. 385 0. 6 0. 242 0. 4 
7 il. 7 7. 184 7 1. 616 0. 7 0. 244 0.3 
8 1. 8 8. 210 8 1. 847 0.8 0. 246 0. 2 
9 WD, 9 9. 237 9 2. 078 0. 9 0. 247 0.1 
14°—166°—194°—346° ie 
DLo a a DLo PMI) _194° DLo+m 345° 
D U ee ee D m DLo 0.0 0. 249 1.0 
1 0. 970 0. 242 1 1. 031 1 0. 249 1 0. 251 0. 9 
2 1. 941 0. 484 2 2. 061 2 0. 499 0. 2 0. 253 0.8 
3 2. 911 0. 726 3 3. 092 3 0. 748 0.3 0. 255 0.7 
4 3. 881 0. 968 4 4, 122 4 0. 997 0. 4 0. 257 0. 6 
5 4, 851 1. 210 5 5. 153 5 1. 247 0.5 0. 259 0.5 
6 5. 822 1. 452 6 6. 184 6 1. 496 0. 6 0. 260 0. 4 
7 6. 792 1. 693 7 7. 214 7 1. 745 0.7 0. 262 0.3 
8 7. 762 1. 935 8 8. 245 8 1, 995 0.8 0. 264 0. 2 
9 8.733 oh Mabe 9 9. 276 9 2. 244 0.9 0. 266 0.1 
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TABLE 3 
Traverse Table 
a 
C 
15°—165°—195°—345° i ae 
DLo p TT DLo =_ aT 195° DLo+m 344° 
la é p u D m DLo 0. 0 0. 268 1.0 
1 9 0. 259 il 1. 1 0. 268 0. 1 0. 270 0. 9 
2 0. 518 2 2, 2 0. 536 0. 2 0. 272 0. 8 
3 0. 776 3 3. 3 0. 0.3 0. 274 0. 7 
4 1. 035 4 4. 4 i 0. 4 0. 275 0. 6 
5 1. 294 5 5. 5 NE 0. 5 0. 277 O55 
6 1. 553 6 6. 6 il 0. 6 0. 279 0. 4 
ih 1. 812 7 ls 7 ig 0. 7 0. 281 0. 3 
8 2. 071 8 8. 8 2. 0. 8 0. 283 0. 2 
9 2. 329 9 9. 9 2. 0. 9 0. 285 Om 
Course 
16° p+l 163° 
DLo p TT Ti: DLo IT 196° a y 
D U p 1 D m DLo m0) 0. 28 1 
1 0. 961 0. 276 1 1. 040 1 0. 287 0. 1 0. 289 0.9 
2 1. 923 0. 551 2 2. O81 2 0. 573 0. 2 0. 291 0. 8 
3 2. 884 0. 827 3 3. 121 3 0. 860 0.3 0. 292 0. 7 
4 8. 845 1. 103 4 4. 161 4 1. 147 0. 4 0. 294 0. 6 
5 4. 806 1. 378 5 5. 201 5 1. 434 0. 5 0. 296 0. 5 
6 5. 768 1. 654 6 6. 242 6 1. 720 0. 6 0. 298 0. 4 
7 6. 729 1. 929 7 7. 282 ti 2. 0O7 0. 7 0. 300 0. 3 
8 7. 690 2. 205 8 8. 322 8 2. 294 0. 8 0. 802 0. 2 
SLE AR oe 0.304 10.1 
Course 
DLo p TT a DLo VII (LLL — wee —r 
D l p 1 D m 0 i i é 
i! 0. 956 0. 292 1 1. 046 1 0. 306 0. 1 0. 308 0. 9 
2 1. 9138 0. 585 2 2. 091 2 0. 611 0. 2 0. 310 0. 8 
3 2. 869 0. 877 3 Sy sif 3 0. 917 0. 3 0. 311 Os7 
4 3. 825 1. 169 4 4. 183 4 1. 223 0. 4 0. 313 0. 6 
5 4. 782 1. 462 5, 5. 228 5 1. 529 0.5 0. 315 0. 5 
6 5. 738 1. 754 6 6. 274 6 1. 8384 0. 6 0. 317 0. 4 
7 6. 694 2. 047 a 7. 320 di 2. 140 0. 7 0. 319 0. 3 
8 7. 650 2. 339 8 8. 366 8 2. 446 0. 8 0. 321 0. 2 
9 8. 607 2. 631 9 9. 411 9 2. (52 0. 9 0. 323 0. 1 
Course 
18°—162°—198°—342° Lhe ___ 
DLo p TT a DLo HL LETT oa meee a 
D 4 p t D m \ Lae ‘ 
. 951 0. 309 1 1. 051 1 0. 0. 1 0. 327 0. 9 
3 re a08 0. 618 2 2. 103 2 0. 0. 2 0. 329 0. 8 
3 2. 853 0. 927 3 3. 154 3 0. 0.3 0. 331 0. 7 
4 3. 804 1. 236 4 4. 206 4 il. 0. 4 0. 333 0. 6 
5 4. 755 1. 545 5 1 PAR 5 11s 0. 5 0. 335 0. 5 
6 5. 706 1. 854 6 6. 309 6 ile 0. 6 0. 337 0. 4 
7 6. 657 2. 163 th 7. 360 th 2. 0. 7 0. 338 0.3 
8 7. 608 2. 472 8 8. 412 8 Di 0. 8 0. 340 0. 2 
9 8. 560_| 2. 781_| -9 9.463 | 9 2. 0.9 0.342 | 0.1 
Course 
19°—161°—199°—341° a 
DLo p a be MTT LETT “ Phen iar 
D l p l m to) ! : 
1 0. 946 0. 326 1 1. 058 1 0. 344 0. 1 0. 346 0. 9 
2 1. 891 0. 651 2 2.115 2 0. 689 0. 2 0. 348 0. 8 
3 2. 837 0. 977 3 3. 173 3 1. 033 0. 3 0. 350 0. 7 
4 3. 782 1. 302 4 4, 230 4 1.377 0. 4 0. 352 0. 6 
5 4. 728 1. 628 5 5. 288 5 1. 722 0. 5 0. 354 0. 5 
6 5. 673 1. 953 6 6. 346 6 2. 066 0. 6 0. 3856 0. 4 
A 6. 619 2. 279 Ul 7. 403 th 2. 410 0. 7 0. 358 0. 3 
8 7. 564 2. 605 8 8. 461 8 2. 755 0. 8 0. 360 0. 2 
9 8. 510 2. 930 9 9. 519 9 3. 099 0.9 0. 362 0. 1 


1222 


TABLE 3 


Traverse Table 


20°—160°—200°—340° aS ee 


nh DLo TEA 
9) tf D Lo 

342 1 364 
684 2 728 
026 3 092 
368 4 456 
710 5 820 

6 

7 

8 

9 


I= 


064 
128 
193 
257 
321 
052 385 184 
394 449 548 
736 513 912 
b 078 578 276 
Enna 


21°—159°—201°—339° 


DLo ——_— aT 
DLo 

0. 384 
0. 768 
15152 
1. 535 
1. 919 
2. 303 
2, 
3 
3 


OONMTRWNWH A 
SONNNE SE SSly 
Sosossososesos 
OOBNOaOhWNHO 


CONOR WNHY 
PNNNEEEOS 
SN O0 UCR OC CN 


) 


. 687 
. O71 
. 455 


COISGMRONHYS 


WNNNHREHKH CO 

CONMWOPwWHH|s!5 
ec ony ates posal es 
CONRMOARWNHHIE 

esessssssss 
CONMWIPWNREO 
Ssesssssssr 
KENWRORDTOOSO 


22°—158°—202°—338° 


Th 


22° 
—_—— 202° 
DLo 

. 404 
. 808 


= 
or 
a 

° 


i} 


WNNNHREROO 
OONMDUP WH eH] ~/0 
CHONWNPWNHH|F 

WWNNNHEEHOOS 

SSeeyePSsessssso 
OCOHONMWMMPWNHO 
Seessssssor 
PNWRUMDNIMOSO 


23°—157°—203°—337° 


a 
Dp l 
. 391 1 
781 2 
172 3 
563 4 
954 5 
6 
u 
8 
9 


23° 
DLo A TTT) 203° 
D 


} 
og 
sa 
} 
ai 
0 
wo 
= 
fo} 


— 


344 
735 
126 
517 


24°—156°—204°—336° 


MMMM DLo WEN LE 
D DLo 


ONoaRwNHI!A 
WNNNErOOD 
ea 


CONSE wm Hy!T 


escosssssoe 
OCOONOUEPWNHO 
essssesosoe 
PNWRODNODOO 


OWN EH SS 
oSossessss990 


We) 
= 


nN 
~ 
° 


° 


= 


095 
189 
284 
379 
473 
568 
662 
757 
852 


0. 445 
0. 890 
1, 336 
1. 781 
2. 226 
2. 671 
3. 117 
3. 562 
4. 007 


CMracnpmonwely|Y 


OONBALwWNH| Ss! 
COONAMB WH! H 


0 
0 
1 
ile 
2. 
2 
2 
3 
3 


SO CONS? OUR CO DO 


esecossoso 
eossososor 
EPNWRODNIOOO 


CONDO Wh 
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TABLE 3 


Traverse Table 
Cour; 
25°—155°—205°—335° ee 
te. ee ae OP Pe ee ere ee ee ee 5° > 154° 
DLo p Th ss DLc ET 205° DLo+m 334° 
ue, : P om D m DLo 0. 0 0. 466 1.0 
1 0. 906 0. 423 1 1. 103 ul 0. 466 0. 1 0. 468 0. 9 
2 1. 813 0. 845 2 2. 207 2 0. 933 0. 2 0. 471 0. 8 
3 25719 1. 268 3 3. 310 3 1. 399 0.3 0. 473 0. 7 
4 3. 625 1. 690 4 4. 414 4 1. 865 0. 4 0. 475 0. 6 
5 4. 532 2. 113 5 Iss. Basil7/ a Dy, BOY 0. 5 0. 477 0. 5 
6 5. 488 2. 5386 6 6. 620 6 2. 798 0. 6 0. 479 0. 4 
el 6. 344 2. 958 a 7. 724 7 3. 264 0. 7 0. 481 0. 3 
8 7. 250 3. 381 8 8. 827 8 3. 730 0. 8 0. 483 0. 2 
9 8. 157 3. 804 9 9. 930 9 4. 197 0. 9 0. 486 Ont 
26°—154°—206°—334° 
DLo Pp TT DLo ————————— 
D l Dp l D m DLo m0) 
1 0. 899 0. 438 il 1 als 1 0. 488 dt 
2 1. 798 0. 877 2 2, 225 2 0. 975 We 
3 2. 696 1.315 3 3. 338 3 1. 463 23 
4 3. 595 1.753 4 4. 450 4 1. 951 4 
is 4. 494 2. 192 5 5. 563 5) 2. 439 I 3) 
6 5. 393 2. 630 6 6. 676 6 2. 926 . 6 
p ome | eer) e) tir] a | bss | as 
8 190 3. 50 Aas 3 
9 8. 089 3. 945 9 10. 013 9 4. 390 9 
27°—153°—207°—333° 
DLo p ET D Lo ML a ‘ TG = 
D l p l D m DLo 0. 0 
1 0. 891 0. 454 1 122 1 0. 510 0. 1 512 0. 9 
2 1. 782 0. 908 2 2. 245 2 1. 019 0. 2 0. 8 
3 2. 673 1. 362 3 3. 367 3 1. 529 0. 3 ORT 
4 3. 564 1. 816 4 4. 489 4 2. 038 0. 4 0. 6 
5 4. 455 Pawan) 5 5. 612 5 2. 548 0. 5 OAS 
6 5. 346 2. 724 6 6. 734 6 3. 057 0. 6 0. 4 
7 6. 237 3.178 i 7. 856 ti 3. 567 0. 7 0. 3 
8 7. 128 3. 632 8 8. 979 8 4. 076 0. 8 0. 2 
9 8. 019 4. 086 9 10. 101 9 4. 586 0. 9 0. 1 
Course 
28°—152°—208°—332° ce 
DLo Pp i PS VIM SELECT a Sea a 
D l p tl m ) [ i i 
1 0. 883 0. 469 1 L133 1 0. 582 0. 1 0. 5384 0. 9 
2 1. 766 0. 939 2 2. 265 2 1. 063 0. 2 0. 536 0. 8 
3 2. 649 1. 408 3 3. 398 3 1. 595 0. 3 0. 538 0. 7 
4 3. 532 1. 878 4 4. 530 4 DA MAE 0. 4 0. 541 0. 6 
5 4. 415 2. 347 5 5. 663 5 2. 659 O85 0. 543 0. 5 
6 5. 298 2. 817 6 6. 795 6 3. 190 0. 6 0. 545 0. 4 
7 6. 181 3. 286 7 7. 928 a 3. 722 One 0. 547 0:3 
8 7. 064 3. 756 8 9. 061 8 4, 254 0. 8 0. 550 0. 2 
9 7. 947 4. 225 9 10. 193 9 4. 785 0. 9 0. 552 0. 1 
29°—151°—209°—331° b. 
DLo p TT a = HIM HAUTE a = EBA an 
D 1 p ts m te) i 
1 0. 875 0. 485 1 jf E43 1 0. 554 0. 1 0. 557 0. 9 
2 1. 749 0. 970 2 2.28% 2 1. 109 0. 2 0. 559 0. 8 
3 2. 624 1. 454 3 3. 430 3 1. 663 0. 3 0. 561 0. 7 
4 3. 498 1. 939 4 4, 573 4 PAR a) 0. 4 0. 563 0. 6 
5 4, 3%0 2. 424 5 iver ils a 2 772 0. 5 0. 566 0. 5 
6 5. 248 2. 909 6 6. 860 6 3. 326 0. 6 0. 568 0. 4 
Ui 6. 122 3. 394 7 8. 003 tk 3. 880 0. 7 0. 570 0. 3 
8 6. 997 3. 878 8 9. 147 8 4. 434 0. 8 0. 573 0. 2 
9 7. 872 4. 363 9 10. 290 9 4. 989 0. 9 0. 575 0. 1 
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TABLE 3 


Traverse Table 


30°—150°—210°—330° 


30° p+l 149° 

DLo p TUM DLo LLL LLL 210° DLo+m 329° 
D p UY D m DLo 0. 0 0. 577 1.0 
1 0. 0. 500 I tle i 0. 577 OF: 0. 0. 9 
2 i ls 1. 000 2 2s 2 15S 0. 2 0. 0.8 
3 2. 1 3 ay 3 Ie HAP 0. 3 0. 0. 7 
4 ob 2. 4 4. 4 2. 809 0. 4 0. 0. 6 
5 4, 2: 5 ‘ay 5 2. 887 O75 0. 0. 5 
6 oe 3 6 6. 6 3. 464 0. 6 0. 0. 4 
7 6. 3 i 8. 7 4, 041 ORF 0. O83 
8 6. 4 8 9. 8 4. 619 0. 8 0. OFZ 
9 ie 4 9 10. 9 5. 196 0. 9 0. 0. 1 


31°—149°—211°—329° 


DLo p MMMM DLo LEA LLL 2 
D l p l D ™m DLo 0. 0 0 
1 0. 857 0. 515 1 1. 167 1 0. 601 0. 1 0. 9 
2, 1. 714 1. 030 2 2. 330 2, 1.202 0. 2 0. 8 
3 29502 1. 545 3 3. 500 3 1. 803 0. 3 0. 7 
4 3. 429 2. 060 4 4. 667 4 2. 403 0. 4 0. 6 
5 4. 286 PA af) 5 5. 833 5 3. 004 0. 5 0. 5 
6 5. 148 3. 090 6 7. 000 6 3. 605 0. 6 0. 4 
if 6. 000 8. 605 7 8. 166 7 4. 206 Ons 0. 3 
8 6. 857 4. 120 8 9. 333 8 4. 807 0. 8 0. 2 
9 CE ASS 4. 635 9 10. 500 9 5. 408 0. 9 0. 1 

32°—148°—212°—328° me 
2° peer al od ee IN YEE 
DLo p MMMM DLo MU LL) = 212° DLo+m 327° 
D U 9) l D m DLo 0. 0 0. 625 1.0 
il 0. 0. 5380 1 Ag) 1 0. 0. 1 0. 627 0. 9 
2 ie 1. 060 2 2. 358 2 1h 0. 2 0. 630 0. 8 
3 2. 1. 590 3 3. 538 3 if. 0. 3 0. 632 O87 
4 oy, 2. 120 4 4,717 4 De 0. 4 0. 635 0. 6 
5 4. 2. 650 5 5. 896 5 3: O85 0. 637 ORD 
6 5. 3. 180 6 ta0TS 6 3: 0. 6 0. 640 0. 4 
7 5. ¢ 3. 709 7 8. 254 4, 0. 7 0. 642 0.3 
8 6. 4. 239 8 9. 483 8 4, 0. 8 0. 644 052 
9 ib 4. 769 9 10. 9 DO: 0. 9 0. 647 Ont 
33°—147°—213°—327° ae 

ERY Si 146° 
ee P LLL 3 DLo MM 213° DLo+m 326° 
p D m DLo 0. 0 0. 649 LO 
1 0. 839 0. 545 1 ye 92 1 0. 649 Ont 0. 652 0. 9 
2 1. . 089 2 2. 385 2 1. 299 02 0. 654 0. 8 
3 2. 3 3. 577 3 1. 948 0.3 0. 657 0. 7 
4 3: 4 4. 769 4 2. 598 0. 4 0. 659 0. 6 
5) 4, 5 5. 962 5 3. 247 0. 5 0. 662 0. 5 
6 5. 6 Gailod 6 3. 896 0. 6 0. 664 0. 4 
uf o: 7 8. 347 vi 4. 546 O87 0. 667 0. 3 
8 6. 8 9. 589 8 5. 195 0.8 0. 669 OF2 
9 763 9 LOmeol 9 5. 845 0.9 0. 672 0. 1 


34° p+l ° 

DLo p MMMM DLo LL 214° DLo+m 325° 
D l p l D m | _DLo 0. 0 0. 675 1.0 
1 0. 1 ilf 1 0. 675 0. 1 0. 677 0. 9 
2 ts 2 2. 2 1. 349 0. 2 0. 680 0. 8 
3 2. 3 3. 3 2. 024 0.3 0. 682 0. 7 
4 3. 4 4. 4 2. 698 0. 4 0. 685 0. 6 
5 4. 5 6. 5 3. 373 0. 5 0. 687 0. 5 
6 4. ¢ 6 G 6 4. 047 0. 6 0. 690 0. 4 
7 D: 7 8. a 4, 722 On 0. 692 0.3 
8 6. 8 9. 8 5. 396 0. 8 0. 695 0. 2 
9 "e 9 10. 9 6. 071 0. 9 0. 698 0. 1 
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TABLE 3 


Traverse Table 


35°—145°—215°—325° EE 


IMMA DLo TLL LL 
Dp D Lo 
574 700 
400 
101 
801 
501 
201 
901 
602 
302 


° 
iv) 
bt 
re 
° 


Nolan} 


1. 221 
2. 442 
3. 662 
4. 883 
6. 104 
7. 325 
8. 545 
9. 766 
10. 987 


36°—144°—216°—324° 


LHL DLo VM LE 
DLo 
727 
453 
180 
906 
633 
359 
086 
812 
539 


COIS MRO HY] 


CONBAPwWNHH/E 
COP RONN EO! 
eeossssssss 
OCONOOrPWNH © 
ceosssssossr 
REN WwWHODAT OO 


Pp 
l 
1 
2 
3 
4 
5 
6 
& 
8 
o) 


NP OUR RW © 
CUP PON NR ES 


° 
nw 
= 
lor) 
(c} 
ics) 
nN 
ow 
° 


D 

1, 236 
2. 472 
3. 708 
4, 944 
6. 180 
7. 416 
8. 652 
9. 889 
11. 125 


OO NID Oe Cot HY 


OONBOPwnwHe|s 
POR WNNHE OS 

esescsssssssS 
OWONMKOMNPWNHO 
Ssoessesssor 
HD WROD WI0OO 


Dp 
U 

1 
2 
3 
4 
5 
6 
7 
8 
9 


OP PON NEES 


iS) 
= 
a 

° 
iv“) 
nN 
i=} 

° 


‘0 


DL 
D 
1 
2 
3 
4 
5 
6 
7 
8 
9 


OP RWWNHERO 
OCOONDOSWHH|>/s 
COON PwWNr| 8 
ooo oo o1o' ooo 
CWONOOIPWNH OS 
Ssesssssscor 
PNWRODNIOOO 


38°—142°—218°—322° 


LL, Ya DLo WMI 
p l 
616 1 
231 2 
847 3 
463 4 
078 5 
6 
7 
8 
9 


o 
A 
° 


269 
538 
807 
076 
345 
614 
883 


694 
310 
925 152 
541 421 ¢ 


39°—141°—219°—321° 


MMI DLo LL 
p l DLo 
629 1 0. 810 
259 2 1. 620 
888 3 2. 429 
Las 4 3. 239 
147 5 4. 049 

6 4 

@ 5 

8 6 

9 7 


WONIBEEPwnwmels 
Soessessssel|y 


} 


CONOOPWNH IF 
NOOR WWNES 
Se 
scosossssoos 
CONDONE WNHO 
oossssssoor 
PNWREORDNOOSO 


Te Cae 


oO 


SUP i OO OWN Ei SO) 


No) 


° 
nw 
be) 
oo 
° 
[J<} 
te 
So 
° 


) 


287 
574 
860 
147 
434 
721 
007 
294 
581 


776 . 859 
405 . 668 
035 . 478 
664 . 288 


OS 29'S SO 2 Oe 
HN WRODIMOOO 


CoIanRwne|yly 
Fg Se on OOS ON 

DONA Emo HIE 
oossssesss 
DOTAMRWNHS 


OvOur Co G2 hai 


=ye" 
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TABLE 3 


Traverse Table 


40°—140°—220°—320° 


40° p+ 139° 
DLo p HAUL PB D WILL ay ar ae fae 
D [i p m 0 i i 7 
1 0. 766 0. 643 1 1. 305 1 0. 839 0. 1 0. 842 0. 9 
2 1. 532 1. 286 2 Ps ayia Bi 1. 678 Q. 2 0. 845 0.8 
3 2. 298 1. 928 3 3. 916 3 PR a OS) 0. 848 0. 7 
4 3. 064 2. 571 4 5. 222 4 3. 356 0. 4 0. 851 0. 6 
5 3: 830 3. 214 5 6. 527 5 4, 196 0.5 0. 854 0. 5 
6 4, 596 3. 857 6 7. 832 6 5. 035 0. 6 0. 847 0. 4 
G 5. 362 4. 500 a 9. 1388 i 5. 874 0. 7 0. 860 0.3 
8 6. 128 5. 142 8 10. 443 8 6. 713 0. 8 0. 863 0. 2 
9 6. 894 5. 785 9 11. 749 9 iy? 0. 9 0. 866 (Oe a 
Course 
41°—139°—221°—319° = =i = 
DLo p MMMM DLo WIMIL DE oe See SE 
D TU p (i D m te) i 4 2 
70 0. 656 1 1.325 i 0. 869 Oss! 0. 872 0. 9 
; a 509 i, S32 2 2. 650 2 1. 739 0. 2 0. 875 0. 8 
83 2. 264 1. 968 3 3. 975 3 2. 608 0. 3 0. 879 One 
4 3. 019 2. 624 4 5. 300 4 3. 477 0. 4 0. 882 0. 6 
5 3. 774 3. 280 5 6. 625 5 4. 346 0. 5 0. 885 0. 5 
6 4, 528 3. 936 6 7. 950 6 5. 216 0. 6 0. 888 0. 4 
7 5. 283 4, 592 hh 9, 275 7 6. 085 0. 7 0. 891 0.3 
8 6. 038 5. 248 8 10. 600 8 6. 954 0. 8 0. 894 0. 2 
9 6. 792 5. 905 9 11. 925 9 7. 824 0. 9 0. 897 0. 1 
Course 
42°—138°—222°—318° 42° p+l 137° 
DLo p MMMM DLo VILL Soe TTT: a aT 500 ea 
D 1 p 1 D m Oo F I ‘ 
1 0. 7438 0. 669 1 1. 346 1 0. 900 0. 1 0. 904 0. 9 
2 1. 486 1, 338 2 2. 691 2, 1. 801 0:2 0. 907 0. 8 
3 2. 229 2. 007 3 4. 037 3 2. 701 0. 3 0. 910 OD 
4 2. 973 2. 677 4 5. 383 4 3. 602 0. 4 0. 913 0. 6 
5 3. 716 3. 346 5) 6. 728 5 4. 502 0. 5 0. 916 0. 5 
6 4. 459 4.015 6 8. 074 6 5. 402 0. 6 0. 920 0. 4 
7 5. 202 4. 684 a 9. 419 7 6. 303 0. 7 0. 923 0. 3 
8 5. 945 5. 353 8 10. 765 8 He PAUB' 0.8 0. 926 tee, 
9 6. 688 6. 022 9 OH ania 9 8. 104 0. 9 0. 929 Ont 
Course 
43°—137°—223°—317° aere yi mater 
DLo p ELA Von DLo VU 223° DLo+m 316° 
D U p l D m DLo 0. 0 0. 933 Ta) 
1 0. 731 0. 682 1 1. 367 i 0. 933 0. 1 0. 936 0. 9 
2 1. 463 1. 364 2 D4, Hea 2 1. 865 0. 2 0. 939 0. 8 
3 2. 194 2. 046 3 4. 102 3 2. 798 0.3 0. 942 On 
4 2. 925 2. 728 4 5. 469 4 5% sil) 0. 4 0. 946 0. 6 
5 3. 657 3. 410 5 6. 837 5 4, 663 0. 5 0. 949 O25 
6 4. 388 4. 092 6 8. 204 6 5. 595 0. 6 0. 952 0. 4 
7 5. 119 4. 774 af Seay elt 4, 6. 528 (OZ 0. 956 0. 3 
8 5. 851 5. 456 8 10. 939 8 7. 460 0. 8 0. 959 0. 2 
9 6. 582 6. 188 9 12. 306 9 8. 393 0. 9 0. 962 0. 1 
ny 
Course 
44°—136°—224°_ 316° a es 
DLo p MMMM DLo VAL 224° DLo+m 315° 
D U Pp U D m DLo 0. 0 0. 966 1.0 
1 0. 719 0. 695 i 1. 390 1 0. 966 0. 1 0. 969 0. 9 
2 1. 489 1. 389 2 2. 780 2 1. 931 0. 2 0. 972 0.8 
3 2. 158 2. 084 3 4.170 3 2. 897 0. 3 0. 976 i 7 
4 2. 877 2. 779 4 5. 561 4 3. 863 0. 4 0. 979 0. 6 
5 3. 597 3. 473 5 6. 951 5 4, 828 0.5 0. 983 0. 5 
6 4. 316 4. 168 6 8. 341 6 5. 794 0. 6 0. 986 0. 4 
7 5. 035 4. 863 0 9. 731 € 6. 760 0. 7 0. 990 OFS 
8 DeELOO 5. 557 8 Laon 8 he 148) 0.8 0. 993 0. 2 
9 6. 474 6. 252 9 IPE, Si! 9 8. 691 0. 9 0. 997 0. 1 
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TABLE 3 


Traverse Table 


45°—135°—225°—315° ae 


EEA DLo VA 
D DLo 


000 


isle 
25° 


oe 
Np 


~|'s 


ODNAMTEWNr 
DAP PONNEHS 
POP PWN ES 
OID OUR OO 
esssssssss 
OODNOUNPWNH © 
essssesss: 
eS bo co PP O1) SIO 


1 
2 
4 
5 
ie 
8. 
o 
11 
12 


OWONIMBWONISPwWhHre 


46°—134°—226°—314° 


ALT DLo WM 
D Lo 


° 


Nip 
a 


26° 


036 
071 
107 
142 
178 
213 
249 
284 
320 . 069 


47°—133°—227°—313° ig 


47° p+l 

IAL DLo LE LL 227° DLo+m 
D DLo . 072 
. 072 076 
. 145 . 080 
3.217 . 084 
. 289 087 
J o02 091 
. 434 . 095 
. 507 . 099 
. 579 . 103 
. 651 . 107 


—228°—312° = 


OWNMPUPwnHe|)d 
OWNMHAPwWNHIB 
OCOWONIAOMPWNHIY 
SeSssessssssS 
OWDNBWTILWNH OS 
ine A aa ae ae aes re es 
Seeseesssf: 
Rb 0 POI? ~100 


1 
2 
4 
5 
d 
8 
10 
11 
12 


onmrtanaoney|Y 
AnAPWwNnNeo 


0 


OWNIMApwne|s 
CONMRTNP woe 

eesssssssese 
OWNROTUPWNH OS 
essssssssr 
HPNWRURDUIWDOS 


DL 
D 
1 
2 
3 
4 
5 
6 
7 
8 
9 


Pp 
1 
1 
2 
3 
4 
5 
6 
7 
8 
9 


(} 


48 
DLo WH 228° 
D DLo 


TL, Vion) 
p 1 
743 1 
486 2 
229 3 
973 4 
716 5 
6 
7 
8 
9 


1. 494 
2. 989 
4, 483 
5. 978 
7. 472 
459 8. 967 
202 10. 461 
945 11. 956 
13 


688 . 450 


49°—131°—229°—311° oe 


49° 
MTL DLo | AH 229° 
0 


eesssossss 
OBNAOUPWNrH 

eer e 
SSSSessSsssr 
PNWHADNWDOS 


ow HT RON Hly|Y 
One WNN © 
ODOURS RWNHIB 


is) 
“s 


} 
+ 
B 


D 
1, 524 
3. 049 
4, 573 
6. 097 
7. 621 
9. 146 
10 
12 
13 


Bee eee 
SIND OOO 
OR NwWo RO 


— 
aI 
No) 


. 670 
Oe 
. 718 


eK 
ie.) 
oo 


S) 
fat pt ae at at pt tt ptt) 
SSeSesesSssSsfrls 
BNW OD~I10 OO 


mI MER OOtOHY|E 
Sessssssss 


OWNMSMAbwWNeH|s 
SODMONEPWMR Y 
cd 


Pp 
l 
1 
2 
3 
4 
5 
6 
g 
8 
S) 


CLO WON rr © 
SS OUP OO Nr © 


— 
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TABLE 3 


Traverse Table 


50°—130°—230°—310° 


5 


Course 


bo 
S 


MMMM] DLo VME LL 
p U D DLo 
766 1 
532 2 
298 3 
064 4 
830 5 
6 
7 
8 
9 


596 
362 
128 
894 


51°—129°—231°—309° 


CONMABOmwH!y 


1 
3 
4 
6 
Ub 
US 
10 
12. 
14 


CONMAMTPWHe WIZ 


PPP WON ES 


f-} 


osssssssso 
OWONAOOLWNHO 


eeesssssss: 
DOW OV A100 


TULL DLo IMMUN 
D Lo 
235 
470 
705 
940 
174 
409 
644 


Dp 

l 

1 . 589 
2 . 178 
3 . 767 
4 . 356 
5 . 945 
6 

7 

8 

9 


NOP Oh io 


. 534 
. 123 
. 712 879 


: ) . 301 . 114 
_ 


52°—128°—232°—308° 


MLL DLo ML TT 
D Lo 
280 
560 
840 
120 
400 
680 
960 
240 
519 


COIREBmOMH) EY 


CONMTRwWNHH!H 


POP CO 09 DO} 


wees 


° 


CoIHmEBer elo! Y 
| PERO EE |. 


NS OUP WOODS 
CONMBWAPwrhoe|f 
FOMN DOWD RO 


— 


53°—127°—233°—307° 


MULL DLo VMI 
D DLo 
327 
654 
981 
308 
635 
962 
289 
616 
. 943 


° 


1. 662 
3. 323 
4, 985 
6. 647 
8. 308 
9. 970 
11. 631 
13. 293 
14. 955 


54°—126°—234°—306° 


CONRABwNH/ OT 
NTS? O10 bo 


NOoOPRWWNHO 
OONMBUAR WH! A!o 
CONMAPRwWH| A 


— 
HOo 


i) 


Sssssssse: 
mb OR OI 100 0 


Ss 
a5 
oo 


Sseosscesse: 


CHONOAIRWNHO 


— 


oesssssse 


RENWwWRODNIOOO 


OCWONMOMNPWNWHO]S ° 


Sesessssss: 


RH WwWPRODIMOOO 


_ 
i) 
on 

° 


EEE DLo i 
| D L 


m 


NOOO PwWNH OS 
OONAOTPWNH|s/'0 


1 1 
2 2 
3 4 
4 5. 
5 6. 
6 8 
7 9 
8 1 
9 2. 


1 
3 
5 
6 
8. 
10. 
11 
13 
15 


11. 
12. 


Sesosesssso 


CONOR WNH OS 


lol eel eee el oe oe ee 


— 


esscsssess 


BNWROGNIOOS 
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TABLE 3 


Traverse Table 


55°—125°—235°—305° id >: a | 


55° p+l 
TITLE DLo VA TTI) _ 235° DLo+m 
5 D 428 
819 


433 
638 


Pp 
U 
1 

2 439 
457 3 444 
277 4 450 
096 5 

6 

7 

8 

9 


° 
w 
i=] 
n= 

° 


1. 743 
3. 487 
5. 230 
6. 974 
8. 717 
915 10. 461 
734 12. 204 
553 13. 948 
15 


372 . 691 


56°—124°—236°—304° 


TUT MN TL 
Pp Lo 
. 829 


ONT Or Co tO Hy Z 


OWMNIMDUAPwnwrH|s 
NOON NO 

iw 
oscsessssseeo 
OWNSOURWNHO 
a aaah oot at ae a 
ooesessessor 
HD WR OI I1000 O 


CUR IRON NEES 
NS OUR ROO br © 
ee 


is) 
‘a 
° 
w 
A 


. 483 
. 965 


SSSSSSSSSS Nw 


CONRWOPWNHHI!IE 
OWONOMPWNHO 


1 
2. 
4 
5 
te 
8. 
10 
11 
13 


OONIBARWNHH IY 
TUR WON NS 


°o 
i) 
i=) 
i] 
° 


OCWONMOMAPWNHHIS 
SE SSSSSSSs|8a 
OONMDOTPWNH OO] o ° 
aes Re ee Lae 
ceoseseeseseeor 
EBNWHUODWIOOS 


COND Om co Hy] Z 


58°—122°—238°—302° rete 


TTT ET 
L 


m 


oa 
oo 

° 
oo 
on 
a1 
oo 


° 


esoessosso 


CONBDUIPWONHO 
SEE ST Se Ere oe 


essosssoor 
EPNWRODANTOOS 


il 
2 
3 
4 
5 
6 
U 
8 
9 


COIS ABWYHlY|E 
SONS TBONH| Sho 


Course 
oe ne Ts eile 
MME DLo NTT 239° DLo+m 
p D DLo 

. 664 
. o29 
. 993 
. 657 
ook 
. 986 
. 650 
. 314 
. 979 


° 


0. 857 
1.714 
2. 572 
3. 429 
4, 286 
5 
6 
6 
7. 


. 000 
. 857 
~ 715 


Cor dSHBONDHly|Y 


CONST PwWHH|B 
sceossssssssS 
OWNIRPTUPRWNHS 
iS plese Smet amie 
sesssssss: 
MN WR UAIOOS 


1 
3 
5 
7 
o) 
. 143 11. 
13 
15 
17 
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TABLE 3 
Traverse Table 
Course 
60°—120°—240°—300° es 
DLo p TMM B TTT Tate oe — 
D Tt p m b . 
1 2. 000 1 1. 732 0.1 1. 739 0.9 
: " 600 i. 70 2 4.000 | 2 3. 464 0.2 1.746 | 0.8 
3 1. 500 2. 598 3 6. 000 3 5. 196 0.3 1. 753 0.7 
4 2. 000 3. 464 4 8. 000 4 6. 928 0. 4 1. 760 0. 6 
5 2. 500 4, 330 5 10. 000 5 8. 660 0.5 1. 767 0.5 
6 3. 000 5. 196 6 12. 000 6 10. 392 0. 6 1. 775 0. 4 
7 3. 500 6. 062 7 14. 000 7 12. 124 0. 7 1. 782 0.3 
8 4. 000 6. 928 8 16. 000 8 13. 856 0. 8 1. 789 0. 2 
9 4, 500 7. 794 9 18. 000 9 15. 588 0.9 1. 797 0.1 
Course 
61°—119°—241°—299° = = = 
DLo Dp iii ia D Le MIT TT han ae “ 
D i p q m (0) ? 
1 0. 485 0. 875 1 2. 063 1 1. 804 0. 1 1. 811 0.9 
2 0. 970 1. 749 2 4,125 2 3. 608 0. 2 1. 819 0. 8 
3 1. 454 2. 624 3 6. 188 3 5. 412 0.3 1. 827 0. 7 
4 1. 939 3. 498 4 8. 251 4 7. 216 0. 4 1. 834 0. 6 
5 2. 424 4, 373 5 10. 313 5 9. 020 0.5 1. 842 0.5 
6 2. 909 5. 248 6 12. 376 6 10. 824 0. 6 1. 849 0. 4 
7 3. 394 6. 122 7 14, 439 7 12. 628 0.7 1. 857 0.3 
8 3. 878 6. 997 8 16. 501 8 14. 432 0.8 1. 865 0. 2 
9 4, 363 7. 872 9 18. 564 9 16. 236 0.9 | 1. 873 0.1 
Course 
62°—118°—242°—298° = pat ii 
DLo en DLo TINT TTT aa a “ 
D 1 p U D m Y fe 
1 0. 469 0. 883 1 2. 130 1 1. 881 0. 1 1. 889 0.9 
2 0. 939 1. 766 2 4, 260 2 3. 761 0. 2 1. 897 0. 8 
3 1. 408 2. 649 3 6. 390 3 5. 642 0.3 1. 905 0. 7 
4 1. 878 3. 532 4 8. 520 4 7. 523 0. 4 1. 913 0. 6 
5 2. 347 4, 415 5 10. 650 5 9. 404 0.5 1. 921 0.5 
6 Da8i7 5. 298 6 12. 780 6 11. 284 0. 6 1. 929 0. 4 
7 3. 286 6. 181 7 14. 910 7 13. 165 Osnz. 1. 937 0.3 
8 3. 756 7. 064 8 17. 040 8 15. 046 0.8 1. 946 0. 2 
9 4, 225 7. 947 9 19. 170 9 16. 927 0.9 1. 954 0. 1 
SS eR a RN ES 
Cc 
63°—117°—243°—297° <a ae eee 
DLo Dp iin a DLo MMMM MITTIN 243° Pies a 
D U p 1 D m DLo 0. 0 ce ; 
1 0. 454 0. 891 1 2. 203 1 1. 963 0. 1 1. 971 0. 9 
2 0. 908 1. 782 2 4, 405 2 3. 925 0. 2 1. 980 0.8 
3 1. 362 2. 673 3 6. 608 3 5. 888 0.3 1. 988 On 
4 1. 816 3. 564 4 8. 811 4 7. 850 0. 4 1. 997 0. 6 
5 2. 270 4, 455 5 11. 013 5 9. 813 0.5 2. 006 0.5 
6 2. 724 5. 346 6 13. 216 6 11. 776 0. 6 2. 014 0. 4 
7 3. 178 6. 237 7 15. 419 7 13. 738 0. 7 2. 023 0.3 
8 3. 632 7. 128 8 17. 622 8 15. 701 0.8 2. 032 0. 2 
9 4. 086 8. 019 9 19. 824 9 17. 663 0.9 2. 041 0. 1 
Cc 
64°—116°—244°—296° ae 
DLo Pp i ae DLo TMM TMMTMTTTTT\|__244°—s| = DLo+m_—_|_295° 
D u Pp l D m DLo 0.0 2. 050 1.0 
1 0. 438 0. 899 1 2. 281 1 2. 050 0. 1 2. 059 0.9 
2 0. 877 1. 798 2 4, 562 2 4,101 0, % 2. 069 0.8 
3 1. 315 2. 696 3 6. 844 3 6. 151 0.3 2. 078 0. 7 
4 1. 753 3. 595 4 9. 125 4 8. 201 0. 4 2. 087 0. 6 
5 2. 192 4, 494 5 11. 406 5 10. 252 0.5 2. 097 0.5 
6 2. 630 5. 393 6 13. 687 6 12. 302 0. 6 2. 106 0. 4 
7 3. 069 6. 292 U 15. 968 a 14. 352 0.7 2. 116 0.3 
8 3. 507 7. 190 8 18. 249 8 16. 402 0.8 2. 125 0. 2 
9 3. 945 8. 089 9 20. 531 9 18. 453 0. 9 2. 135 0.1 
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TABLE 3 
Traverse Table 
Cc 
65°—115°—245°—295° rae 
Si SRS Le es 114° 
DLo p TT a Se DLo WT 245° DLo+m 294° 
D U P l D m DLo 0.0 2. 145 1.0 
it 0. 423 0. 906 1 2. 366 1 2. 145 0.1 2. 154 0.9 
2 0. 845 1. 813 2 4. 732 2 4, 289 0. 2 2. 164 0.8 
3 1. 268 2. 719 3 7. 099 3 6. 434 0.3 2.174 0.7 
4 1. 690 3. 625 4 9. 465 4 8. 578 0. 4 2. 184 0.6 
5 25113 4. 532 5 11. 831 5 10. 723 0.5 2. 194 0.5 
6 2. 536 5. 438 6 14. 197 6 12. 867 0.6 2, 204 0.4 
7 2. 958 6. 344 7 16. 563 mi 15. 012 0.7 2. 215 0.3 
8 3. 381 7. 250 8 18. 930 8 17. 156 0.8 2. 225 0.2 
9 3. 804 8. 157 9 21, 296 9 19. 301 0.9 2. 236 0.1 
Cc 
66°—114°—246°—294° Oe eats = 
DLo Dp Imm DLo THM TTTN| «= 246° =| DLozm | __293° 
D U DAT it D m DLo 0.0 2. 246 1.0 
1 0. 407 0.914 1 2. 459 1 2. 246 0.1 2.957 0.9 
2 0. 813 1. 827 2 4.917 2 4, 492 0.2 2. 267 0.8 
3 1. 220 TAL 3 7. 376 3 6. 738 0.3 2. 278 0.7 
4 1. 627 3. 654 4 9. 834 4 8. 984 0. 4 2. 289 0.6 
5 2. 034 4. 568 5 12. 293 5 11. 230 0.5 2. 300 0.5 
6 2. 440 5. 481 6 14. 752 6 13. 476 0. 6 2 aid 0. 4 
7 2. 847 6. 395 7 17. 210 7 15. 722 0.7 2, 302 0.3 
8 3. 254 7. 308 8 19. 669 8 17. 968 0.8 2) 336 0. 2 
9 3. 661 8. 222 9 92.127 9 20. 214 0.9 2. 344 0.1 
Cc ’ 
67°—113°—247°—293° ROT oC er 
DLo D LL a a DLo THM TTT oo soe a 
D l p l D m 0 x Y 
1 0. 391 0. 921 1 2. 559 1 2. 356 Ont 2. 367 0.9 
2 0. 781 1. 841 2 5. 119 2 4. 712 0.2 2. 379 0.8 
3 12172 2. 762 3 7, 678 3 7. 068 0.3 2. 391 0.7 
4 1. 563 3. 682 4 10. 237 4 9. 423 0.4 2. 402 0. 6 
5 1. 954 4. 603 5 12, 797 5 11. 779 0.5 2. 414 0.5 
6 2. 344 5. 523 6 15. 356 6 14. 135 0.6 2. 426 0.4 
7 2. 735 6. 444 7 17. 915 7 16. 491 0.7 2. 438 0.3 
8 3. 126 7. 364 8 20. 474 8 18. 847 0.8 2. 450 0. 2 
9 3. 517 8. 285 9 23. 034 9 21. 203 0.9 2. 463 0. 1 
Course 
68°—112°—248°—292° LY Oa 
DLo D Tm D ie TIMI TTT oo y = 2 me 
D l p U m te) ) 
j 0. 92 1 2. 669 1 2. 475 0.1 2. 488 9 
a 0. vg 1. Ret 2 5. 339 2 4. 950 0. 2 2. 500 0.8 
3 1. 124 2. 782 3 8. 008 3 7. 425 0.3 2. 513 0.7 
4 1. 498 3. 709 4 10. 678 4 9. 900 0. 4 2. 526 0.6 
5 1. 873 4. 636 5 13. 347 5 12. 375 0.5 2. 539 0.5 
6 2. 248 5. 563 6 16. 017 6 14. 851 0. 6 2. 552 0.4 
7 2. 622 6. 490 7 18. 686 7 17. 326 0.7 2. 565 0.3 
8 2. 997 7, 417 8 21. 356 8 19. 801 0.8 2. 578 0.2 
9 3. 371 8. 345 9 24. 025 9 22. 276 0.9 2. 592 0.1 
Course 
69°—111°—249°—291° NP 
DLo D Le a D He ED TTT oe . 2 2 z Ee 
D U p l m 0 i 
1 2. 790 1 2. 605 0.1 2. 619 0.9 
: :, Se : ae 2 5. 581 2 5. 210 0.2 2. 633 0.8 
3 1. 075 2. 801 3 8. 371 3 7, 815 0.3 2. 646 0.7 
4 1. 433 3. 734 4 11.162 | 4 10. 420 0.4 2. 660 0. 6 
5 1. 792 4. 668 5 13. 952 5 13. 025 0.5 2. 675 0.5 
6 2. 150 5. 601 6 16. 743 6 15. 631 0. 6 2. 689 0. 4 
7 2. 509 6. 535 7 19. 533 7 18. 236 0.7 2. 703 0.3 
8 2. 867 7. 469 8 22. 323 8 20. 841 0.8 2. 718 0. 2 
9 3. 225 8. 402 9 25. 114 9 23. 446 0.9 Mee , 
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TABLE 3 


Traverse Table 


70°—110°—250°—290° Cours 


TULL DLo ELLA LLL 
D DLo 


° 


iss 
oo 


RPNWEODNOOO 


. 747 
. 495 
. 242 
Bow 
. 737 
. 485 


p 

l 

1 2. 924 
2 5. 848 
3 8. 771 
+ 11. 695 
5 14. 619 
6 17. 543 
iG 20. 467 . 232 
8 23. 390 . 980 
9 26. 314 9 127 


71°—109°—251°—289° 


LILLE DLo TEE 
D 


ONO WwWHH|s 


OOH EmOD H/T 


ONO oe WHS 
Scosssese9 


° 


Dp 

l 

il . 072 
2 . 143 
3 . 215 
4 . 286 
5 . 358 
6 . 429 
7 . 501 
8 . 572 
9 . 644 


72°—108°—252°—288° 


MMMM DLo CEA 
p 1 D 
951 il 
902 2 
853 3 
804 4 
755 5 
6 
7 
8 
9 


OwOIROUm OOD H/T 


PO SU OVOU RS COIS) 

CONMoBRwmre|ys 
Sseesssssess 
CWOIAMEWNHO 


LS) 
On 
No 

° 


0 


S 


706 
657 
608 


DL 
D 
1 
2 
3 
4 
5 
6 
id 
8 
9 


WNBA WN RS 
CONRARWNHIE 
tT 

CONOUPWNH CO 


560 : 
73°—107°—253°—287° 


PELLET 


° 


DLo MLN 
D DLo 

5 RM 
. 542 
9. 813 
. 083 
. 354 
. 625 
. 896 
. 167 
. 438 


. 420 
. 841 
. 261 
. 681 
. 102 
. 922 
. 942 
. 362 
. 783 ‘ 


74°—106°—254°—286° 


LLL 
Dp 
. 961 
. 923 


Cory SPeA corn e|y|Y 


ONO WNR © 
CONOUPWNH]s/'0 


CONDO WNHH|E 


° 
to 
io) 
ao 

° 


DLo TELE EE 
D DL 


Dp 

1 
0 i . 628 
1 2 . 256 
2. 884 3 . 884 
3. 845 4 . 612 
4, 806 5 . 140 
5. 6 
6. G 
7 8 
8. 9 


— 


. 768 . 768 
. 129 . 396 
. 690 . 024 
. 651 


CoOrIMOBRwWNHy|Y 


NNER SOS 
CONBDaARWHeH!E 
Secocoooocos 
SONOTFWNH OC 
cssssssss 

BNW HOAIONOUOO 
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TABLE 3 


Traverse Table 


75°—105°—255°—285° 


MTT ——y—EEEE 
DLo 

. faz 
. 464 
. 196 
. 928 
. 660 
. 892 
. 124 
. 856 
. 588 


° 
a 
iS) 
es} 
>~ 
° 


esosssssoops 


OONATR ONE YS 


NNEEHEHEOOO 
DNAATPWNES 

OONMARWNHHIS 
esssssssoor 
HPNWRURWIMDOO 


76°—104°—256°—284° 


p TTL DLo LTE TTT 

l D DLo 
. O11 
. 022 
. 032 
. 043 
. 054 
. 065 
. 075 
. 086 
. 097 


° 
for) 
° 


CONACMAOD H/T 
Nee POoooS 


CWONMRwWNH|H 
Sossssese: 
OONOOPWNH CO 


Pp 
l 
1 
2 
3 
4 
5 
6 
7 
8 
9 


COND SUR OO NS © 


77°—103°—257°—283° e 


MMMM DLo NT 257° 
D DLo 


° 


. 445 
. 891 
. 336 
. 732 
. 227 
. 672 
. 118 
. 563 
. 009 


78°—102°—258°—282° 


TT DLo A ET 
p D DLo 

. 705 

. 409 


. 331 
. 663 
2. 994 
. 326 
. 657 
. 989 
. 320 
. 652 
. 983 


CONIA RONH/y!T 
ONOAPWHEOS 
OONMATAP WN HS! 
WCONMARWNHH|B 
esessssssssS 
CHONAMAPWNHHO 


tw 
ag 
& 

° 


° 


956 


CONSE Hly| 
ooosssssse 
CONAMARWNHO 


OOS? Ue Oo RO 
CONAN WHE! S!0 
CONRSAPWNH!S 


79°—101°—259°—281° 


aT DLo HMM 
D 


Pp 

U 

1 . 241 
2 . 482 
3 . 723 
4 . 963 
5 . 204 
6 . 445 
@ . 686 
8 . 927 
9 . 168 


HAN HAT UN : 


Seesssssssor 
HN WROANIMODOS 


CONOAPwWoH!F 
Sessssssss 
OONMDUUPWNRK OS 


GOSS? Oty Oo RO © 


1234 


TABLE 3 


Traverse Table 


Course 
80°—100°—260°—280° ss oe 
DLo 1) MMMM oe ALLL LEST TINT an ee = 
D 1 p l m 0 L : A 
1 0. 174 0. 985 1 5. 759 1 5. 671 0. 1 5. 730 0. 9 
2 0. 347 1. 970 2 11. 518 2, 11. 343 0. 2 5. 789 0. 8 
3 0. 521 2. 954 3 17. 276 3 17. 014 0. 3 5. 850 0. 7 
4 0. 695 3. 939 4 23. 035 4 22. 685 0. 4 5. 912 0. 6 
5 0. 868 4, 924 5 28. 794 5 28. 356 0. 5 5. 976 0. 5 
6 1. 042 5. 909 6 34. 553 6 34. 028 0. 6 6. 041 0. 4 
7 1. 216 6. 894 7 40. 311 if 39. 699 0. 7 6. 107 0. 3 
8 1. 389 7. 878 8 46. 070 8 45. 370 0. 8 6. 174 0. 2 
9 1. 563 8. 863 9 51. 829 9 51. 042 0. 9 6. 243 Os 
Course 
81°—99°—261°—279° = = = 
DLo p MMMM ee ML LAE fae oe 3 
D 1 p U m 0 i ; é 
1 0. 156 0. 988 1 6. 392 1 6. 314 0. 1 6. 386 0. 9 
2 0. 313 1. 975 2 12. 785 2 12. 628 0. 2 6. 460 0. 8 
3 0. 469 2. 963 3 19. 177 3 18. 941 0. 3 6. 535 0. 7 
4 0. 626 3. 951 4 25. 570 4 25. 255 0. 4 6. 612 0. 6 
5 0. 782 4. 938 5 31. 962 5 31. 569 ORS 6. 691 0. 5 
6 0. 939 5. 926 6 38. 355 6 37. 883 0. 6 6. 772 0. 4 
if 1. 095 6. 914 7 44. 747 @ 44. 196 0. 7 6. 855 0. 3 
8 1. 251 7. 902 8 51. 140 8 50. 510 0. 8 6. 940 0. 2 
9 1. 408 8. 889 9 De 0a2 9 56. 824 0. 9 7. 026 0.1 
Course 
82°—98°262°—278° a ewe 
DLo p MMMM DLo pe EEE LUE 262° st os 
D l p U D m DLo 0. 0 . 115 : 
1 0. 139 0.990 1 7. 185 1 7.115 0.1 7. 207 0. 9 
2 0. 278 1. 981 2 14. 371 2 14, 231 0. 2 7. 300 0. 8 
3 0. 418 2. 971 3 21. 556 3 21. 346 0.3 7. 396 ONG 
4 0. 557 3. 961 4 28. 741 4 28. 461 0. 4 7. 495 0. 6 
5 0. 696 4.951 5 35. 926 5 35. 577 0. 5 7. 596 0. 5 
6 0. 835 5. 942 6 43. 112 6 42. 692 0. 6 7. 700 0. 4 
7 0. 974 6. 932 7 50. 297 @ 49. 808 Ona 7. 806 0. 3 
8 1.1138 7. 922 8 57. 482 8 56. 923 0.8 7. 916 0. 2 
9 1. 253 8. 912 9 64. 668 9 64. 038 0.9 8. 028 0. 1 
Course 
83°—97°—263°—277° ae ane 
DLo i) MMMM DLo ML 263° DLo+m 276° 
D l p U D m DLo 0. 0 8. 144 1.0 
1 0. 122 0. 993 1 8. 206 1 8. 144 0. 1 8. 264 0. 9 
2 0. 244 1. 985 2 16. 411 2 16. 289 0. 2 8. 386 0. 8 
3 0. 366 2. 978 3 24. 617 3 24. 433 0. 3 8. 513 0. 7 
4 0. 487 3. 970 4 32. 822 4 32) OME 0. 4 8. 643 0. 6 
5 0. 609 4. 963 5 41. 028 5 40. 722 0.5 Sanaa 0. 5 
6 0. 731 5. 955 6 49, 233 6 48. 866 0. 6 8. 915 0. 4 
7 0. 853 6. 948 a 57. 439 a 57. 010 0.7 9. 058 0. 3 
8 0. 975 7. 940 8 65. 644 8 65. 155 0. 8 9. 205 0. 2 
9 1. 097 8. 933 9 73. 850 9 73. 299 0. 9 9. 357 0. 1 
a SSS SSS SS 
Course 
84°—96°—264°—276° -: = ~. 
DLo Dp MMMM DLo VA LL 264° DLo+m | __275° 
D p U D m DLo 0. 0 9. 514 1.0 
1 0. 0. 995 1 1 9. 514 0. 1 9. 677 0. 9 
2 0. 1. 989 2 2 19. 029 0. 2 9. 845 0. 8 
3 0. 2. 984 3 3 28. 543 0.3 10. 019 0. 7 
4 0. 3. 978 4 4 38. 057 0. 4 10. 199 0. 6 
5 0. 4. 973 5 5 47. 572 0. 5 10. 385 0. 5 
6 0. 5. 967 6 6 57. 086 0. 6 10. 579 0. 4 
a 0. 6. 962 7 a 66. 601 0. 7 10. 780 0. 3 
8 0. 7. 956 8 8 76. 115 0. 8 10. 988 0. 2 
9 0. 8. 951 9 9 85. 629 0. 9 11. 205 0. 1 


TABLE 3 


Traverse Table 


85°—95°—265°—275° 
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Course 


88°—92°—268°—272° 


= MATT e ne ——_—E 
Pp m DLo il, 

il 0. 087 0. 996 1 11. 474 1 11. 430 0. ° 
2 0. 174 1. 992 2 22. 947 2 22. 860 0. 8 
3 0. 261 2. 989 3 34. 421 3 34. 290 0. 7 
4 0. 349 3. 985 4 45. 895 4 45. 720 0. 6 
5 0. 436 4. 981 5 57. 369 5 57. 150 0. 5 
6 0. 523 5. 977 6 68. 842 6 68. 580 0. 4 
7 0. 610 6. 973 7 80. 316 7 80. 010 0. 3 
8 0. 697 7. 970 8 91. 790 8 91. 440 0. 2 
9 0. 784 8. 966 9 103. 263 9 102. 870 0. 1 

86°—94°—266°—274° 
tee P TTT P DLo —EeE—— 
p D m DLo 
1 0. 070 0. 998 1 14. 336 1 14. 301 
2 0. 140 1. 995 2 28. 671 2 28. 601 
3 0. 209 2. 993 3 43. 007 3 42. 902 
4 0. 279 3. 990 4 57. 342 4 57. 203 
5 0. 349 4. 988 5 71. 678 5 71. 503 
6 0. 419 5. 985 6 86. 014 6 85. 804 
7 0. 488 6. 983 7 100. 349 @ 100. 105 
8 0. 558 7. 981 8 114. 685 8 114. 405 
9 0. 628 8. 978 9 129. 020 9 128. 706 
87°—93°—267°—273° 
oe P EEE DLo ET 
Dp 1 D m DLo 0 6 
1 0. 052 0. 999 1 19. 107 1 19. 081 1 0. 9 
2 0. 105 1. 997 2 38. 215 2 38. 162 2 0. 8 
3 0. 157 2. 996 3 57. 322 3 57. 243 3 (ON 
4 0. 209 3. 995 | 76. 429 4 76. 325 4 0. 6 
5 0. 262 4. 993 5 95. 537 5 95. 406 5 0. 5 
6 0. 314 5. 992 6 114. 644 6 114. 487 6 0. 4 
rb 0. 366 6. 990 7 133. 751 7 133. 568 7 0. 3 
8 0. 419 7. 989 8 152. 859 8 152. 649 8 0. 2 
9 0. 471 8. 988 9 171. 966 9 171. 730 9 0. 1 


88° p+l 91° 


DLo p eT DLo WNT 268° DLo+m 271° 
D U p U D m DLo 0. 0 28. 636 1.0 
il 0. 035 0. 999 1 28. 654 1 28. 636 0. 1 30. 145 0. 9 
2 0. 070 1. 999 2 57. 307 2 ils Parle} 0. 2 31. 821 0. 8 
3 0. 105 2. 998 3 85. 961 3 85. 909 0. 3 33. 694 One 
4 0. 140 3. 998 4 114. 615 4 114. 545 0. 4 35. 801 0. 6 
5 0. 174 4. 997 5 143. 269 5 143. 181 0.5 38. 188 0. 5 
6 0. 209 5. 996 6 171. 922 6 171. 818 0. 6 40. 917 0. 4 
Lh 0. 244 6. 996 7 200. 576 7 200. 454 0. 7 44. 066 0. 3 
8 0. 279 7. 995 8 229. 230 8 229. 090 0.8 47. 740 0. 2 
9 0. 314 8. 995 9 257. 883 9 257. 726 0. 9 52. 081 0. 1 

89°—9 1°—269°—271° pei 
sock im ph 90° 

DLo p TT ee’ DLo VN 269°, |) DLo+m 270° 
D l p l D m DLo 0. 0 57. 290 1.0 
1] 0. 1. 1 57. 299 1 57. 290 0. 1 63. 657 0. 9 
2 0. Pe, 2 114. 597 2 114. 580 0. 2 71. 615 0. 8 
3 0. Be 3° 171. 896 3 171. 870 0. 3 81. 847 0. 7 
4 0. Ss. 4 229. 195 4 229. 160 0. 4 ; 0. 6 
5 0. 4, 5 286. 493 5 286. 450 0.5 0. 5 
6 0. 5. 6 343. 792 6 343. 740 0. 6 0. 4 
7 0. 6. 7 401. 091 4% 401. 030 0. 7 0. 3 
8 0. ve 8 458. 8 458. 320 0. 8 0. 2 
9 0. 8. 9 515. 9 515. 610 0. 9 0. 1 
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TABLE 4 
Conversion Table for Meridional Parts 

Latitude feat bene ae Sphere Latitude Merrie 7 oe Sphere Latitude eats ion Sphere 
000] 0.00! 0.00) oO. +11. 64]] 60 00 |+0. 14/—0. 10/+-20. 19 
0 30] 0.00] 0.00] +0. +11. 82i] 60 30 |+0. 14/—0. 10/+20. 29 
100} 0.00] 0.00] +0. +11. 99] 61 00 |+0. 14/—0. 11/+20. 39 
130] 0.00] 0.00] +0. +12. 17] 61 30 |+0. 14/—0. 11/+20. 48 
2 00 |+0.01| 0.00] +0. +12. 34l] 62 00 |+0. 14/—0. 11/+20. 58 
2 30 110. 01\—0. 01| +1. +12. 5il] 62 30 |+0. 14/—0. 11/+20. 68 
3 00 1+0. 01/—0. 01| +1. +12. 68I] 63 00 |+0. 14/—0. 11/+20. 77 
3 30 1+0. 01/—0. 01| +1. +12. 85]] 63 30 |+0. 14/—0. 11/+20. 86 
4 00 ]+0. 01/—0. 01] +1. +13. 02I] 64 00 +0. 14/—0. 11/420. 95 
4 30 |+0. 01/—0. 01| +1. +13. 191] 64 30 |+0. 14/—0. 11}/+21. 04 
5 00 |-0. 01|—0. 01| +2. +13. 36l| 65 00 |+0. 14|—0. 11/421. 13 
5 30 1+0. 02/0. 01/ +2. +13. 52i| 65 30 |+0. 14/—0. 11/+21. 21 
6 00 ]+0. 02/—0. 01] +2. +13. 691] 66 00 |-+0. 14|—0. 11/+21. 30 
6 30 |+0. 02/—0. 01| +2. +13. 851] 66 30 |+0. 15|—0. 11/+21. 38 
7 00 |+0. 02!—0. 01] +2. +14. 01l] 67 00 |+0. 15|/—0. 11/+21. 46 
7 30 |+0. 02|—0. 02| +3. 07|+ 14. 18]] 67 30 1+0. 15|—0. 11|+21. 54 
8 00 |+0. 02/—0. 02] +3. 07|/+ 14. 34] 68 00 |+0. 15|—0. 11/+21. 62 
8 30 |+0. 02/—0. 02) +3. 07|/+14. 50] 68 30 |-+0. 15/—0. 11/+21. 69 
9 00 |+0. 02/—0. 02] +3 08/+14. 66]] 69 00 J+0. 15|—0. 11/+21. 77 
9 30 |+0. 03/—0. 02] +3 08/-+14. 81]| 69 30 |+0. 15|—0. 11/421. 84 
10 00 |+0. 03/—0. 02) +4 08/+ 14. 97]] 70 00 +0. 15|/—0. 11|/+21. 91 
10 30 |+0. 03/—0. 02} +4 08/+15. 13]] 70 30 1+0. 15/—O0. 11/+21. 98 
11 00 |+0. 03/—0. 02] +4 08/+15. 28] 71 00 |+0. 15/—0. 11/422. 05 
11 30 ]+0. 03/—0. 02] +4 08|+15. 431] 71 30 |+0. 15/—0. 11/422. 11 
12 00 |+0. 03/—0. 02} +4 08/+15. 591] 72 00 |+0. 15/—0. 11/+22. 18 
2 30 |-+0. 03/—0. 03! +5. 08|+ 15. 74]] 72 30 1+0. 15|—0. 11|+22. 24 
13 00 |+0. 04|—0. 03| +45. 08/+ 15. 89]] 73 00 |+0. 15/—0. 12/+22. 30 
13 30 |+0. 04/—0. 03] +5 08/+16. O3I] 73 30 |+0. 15/—0. 12/+22. 36 
14 00 |+0. 04/—0. 03] +5 +16. 18] 74 00 +0. 15/—0. 12/422. 41 
u a +0. 04/—0. 03) +5. +16. 33l] 74 30 140. 15|—0. 12|+22. 47 
+0,04/=0. 03] 6 +16. 47|| 75 00 |+0. 15|—0. 12|+22. 52 
15 30 |+0. 04/—0. 03] +6 +16. 62I| 75 30 ‘ai 15|—0. 12 1: 58 
16 00 |+0. 04/—0. 03} +6 +16. 761 76 00 |+0. 15/—0. 12|+22. 63 
16 30 |+0. 04/—0. 03] +6 +16. 90] 76 30 |+0. 15|—0. 12/+22. 67 
ms eo aa iw —0. 04} +6. +17. 04]] 77 00 |+0. 15/—0. 12/422. 72 

+0. 05/—0. 04) +7. 17. 18|| 77 30 |+0. 16|—0. 12|+22. 
18 00 |+0. 05|—0. 04] +7. eee) 311] 78 00 ui 16|—0. 6 ry fe 
18 30 |+0. 05|—0. 04] +7. +17. 451] 78 30 |-+0. 16/—0. 12|-+22. 85 
19 00 |+0. 05|—0. 04] +7. +17. 583i] 79 00 |+0. 16|—0. 12/-+22. 89 
a i a ules” 04| +7. +17. 72] 79 30 |+0. 16|—0. 12/+22. 93 

. 05|—0. 04) +7, 17. 85|| 80 00 +0. 16|—0. 12|+ 22. 
20 30 ]+0. 06/—0. 04| +8. ay 98i| 80 30 a 16|—0. jolt 23 A 
21 00 |+0. 06/—0. 04] +8. : +18. 11]] 81 00 |+0. 16/—0. 12|+.23. 03 
21 30 1+0. 06/—0. 04] +8. +18, 24H 81 30 ]+0. 16|—0. 12|+23. 06 
zi My 74 as —0. 04] +8. +18. 36l 82 00 |+0. 16/—0. 12/+23. 09 

. 06|—0. 05! +8. 18. 49]| 82 30 |+0. 16|—0. 
23 00 |+0. 06/—0. 05| +9. i 611] 83 00 ie 18 a E noe is 
23 30 1+0. 06/—0. 05] +9. +18. 731] 83 30 |+0. 16|—0. 12/423. 17 
24 00 |+0. 06/—0. 05] +9. +18. 85H] 84 00 |+0. 16|—0. 12/+23. 19 
a ae Wee 05! +9 +18. 97l] 84 30 +0. 16/—0. 12/423. 21 
—0. 05) +9. 19. 09|| 85 0 = ; 
25 30 |+0. 07/—0. 05/+10 EL 21] 85 a iN; ¥ aN E a5 a 
26 00 |+0. 07/—0. 05/-+10 +19. 32H 86 00 |+0. 16|—0. 12/+23. 26 
26 30 |+0. 07/—0. 05/+10 +19. 43]] 86 30 ]+0. 16|—0. 12/+23. 28 
27 00 |+0. 07/—0. 05|-- 10 

+ 4 +19. 55H] 87 00 J+0. 16/—0. 12/+23. 29 
27 30 |+0. 07/—0. 06/+ 10. +19. 66]] 87 30 |+0. 16/—0. 12|+23. 30 
28 00 |+0. 07/—0. 06/-+ 10 +19. 77|] 88 00 |+0. 16|—0, 12/+23. 31 
28 30 ]+0. 08|—0. 06/+11 +19. 87] 88 30 ]+0. 16/—0, 12/ +23. 31 
29 00 |+0. 08|/—0. 06/-+11 +19. 98H 89 00 ]+0. 16/—0, 12/423. 32 

29 30 |+0. 08|—0. 06/111 
+11. +20. OSH] 89 30 ]+0. 16|/—0, 12/+23. 32 

30 00 |+0. 08/—0. 06/+ 11. +20. 19]/ 90 00 wet ie ts 
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TABLE 5 


Meridional Parts 


Lat 0° 
0 0. 0 59. 6} 119.2) 178.9) 238.6] 298.4) 358.2) 418.2) 478.3] 538. 0 
1 1.0 60. 6 20. 2 79. 9 39. 6| 299. 4 59. 2 19. 2 79. 3 39. 1 
2 2.0 61. 6 212) 80. 9 40. 6| 300.3 60. 2 20. 2 80. 3 40. 2 
3 3. 0 62. 6 22.2 81.8 41.6 01.3 6152 iso 81. 3 41. 3 
4 4.0 63. 6 23. 2 82. 8 42. 6 02. 3 62. 2 YP) Pe 82. 3 42. 4 
5 5. 0 64.6} 124.2} 183.8) 243.6] 303.3) 363.2] 423.2) 483.3] 543. 5 
6 6.0 65. 6 Phas 84. 8 44. 5 04. 3 64. 2 24, 2 84. 3 44, 6 
@ 7.0 66. 6 26. 2 85. 8 45. 5 05. 3 65. 2 25, 2 85. 4 45. 7 
8 7.9 67. 5 PH, 5 86. 8 46. 5 06. 3 66. 2 26. 2 86. 4 46. 8 
9 8.9 68. 5 28. 2 87. 8 47.5 07. 3 67. 2 20.2 87. 4 47. 9 
10 9.9 69. 5) 129.2) 188.8) 248.5} 308.3) 368.2) 428.2) 488 4! 548. 71 10 
11 10. 9 70. 5 30. 1 89. 8 49.5 09. 3 69. 2 29. 2 89. 4 49. 7] 11 
12 11.9 FE5 81.1 90. 8 50. 5 10. 3 70. 2 30. 2 90. 4 50. 7] 12 
13 12.9 C215) Cee 91.8 51.5 iL Ul 31. 2 91. 4 51. 7] 13 
14 13. 9 WSUD 33. 1 92. 8 52.5 12.238 2.2 oh, 4 92. 4 52. 7] 14 
15 14. 9 74. 5) 184.1) 198.8) 253.5) 313.3) 373.2) 433.2) 493.4) 553. 71 15 
16 15. 9 (fis 35. 1 94. 8 54. 5 14.3 Ase 34,2 94, 4 54. 7] 16 
17 16. 9 16RD 36. 1 95. 8 55. 5 1s, 3} ome 35. 2 95. 4 tae v4 | is 
18 17.9 VD dou 96. 8 56. 5 16. 3 76. 2 36. 2 96. 4 56. 7] 18 
19 18. 9 78. 5 38. 1 97. 8 Dia 1h 8 CBr 37. 2 97. 4 57. 7] 19 
20 19. 9 79. 5| 189.1] 198.8] 258.5) 318.3) 378.2) 438.2) 498.4) 558. 71 20 
21 20. 9 80. 5 40. 1]} 199.8 59. 5 19. 3 79. 2 39. 2} 499. 4 59. 7] 21 
22 21.9 81.5 41.1] 200.7 60. 5 20. 3 80. 2 40. 2} 500. 4 60. 7] 22 
23 22.8 82. 4 42.1 01.7 61,5 2153 Sine 41.2 01. 4 61. 7] 23 
24 23. 8 83. 4 43. 1 02. 7 62. 5 22:3 SPE) 422 02. 4 62. 7] 24 
25 24. 8 84.4) 144.1} 203.7] 263.5) 823.3) 383.2) 443.2) 503.4! 563. 8] 25 
26 AAS Ss 85. 4 45.1 04. 7 64. 5 24. 3 84. 2 44,2 04. 4 64. 8} 26 
27 26. 8 86. 4 46. 1 05. 7 65. 5 DAR. G3 8d. 2 45, 2 05. 4 65. 8] 27 
28 27.8 87. 4 47.0 06. 7 66. 5 26. 3 86. 2 46. 2 06. 4 66. 8] 28 
29 28. 8 88. 4 48. 0 07. 7 67. 5 21.93 87. 2 47.3 07. 4 67. 8] 29 
30 29. 8 89. 4; 149.0) 208. 7| 268.5} 328. 3) 388.2) 448.3) 508.4] 568. 81 30 
31 30. 8 90. 4 50. 0 09. 7 69. 4 29. 3 89. 2 49. 3 09. 4 69. 8} 31 
oe 31. 8 91.4 51.0 TOS 7, 70. 4 30. 3 90. 2 50. 3 10. 5 70. 8] 32 
33 32. 8 92. 4 52. 0 TS 7. Mis: aul 6 91.2 j1y 3 1s: 71. 8] 33 
34 33. 8 93. 4 5B TQ 7, 72. 4 32. 3 92. 2 52. 3 12.5 72. 8} 34 
35 34. 8 94.4) 154.0) 213. 7| 273.4) 333.3) 393.2) 453.3) 513. 5|° 573. 81 35 
36 3058 95. 4 55. 0 1457 74, 4 EYE 94. 2 54. 3 14. 5 74. 8] 36 
37 36. 8 96. 4 56. 0 1587 75. 4 Cis a} 95. 2 bo. 3 15.5 75. 8] 37 
38 37.7 97. 4 57. 0 T6A7 76. 4 36. 3 96. 2 56. 3 16. 5 76. 8] 38 
39 38. 7 98. 3 58. 0 PIT (Be! SS} 97. 2 57.3 1% 5 77. 9} 39 
40 39. 7 99. 3} 159.0) 218.7) 278.4) 338.3) 398.2) 458.3) 518.5] 578. 9} 40 
41 40. 7| 100.3 60. 0 19. 7 79. 4 39. 3} 399. 2 59. 3 19. 5 79. 9} 41 
42 41.7 01. 3 61. 0 20. 7 80. 4 40. 3} 400. 2 60. 3 20. 5 80. 9} 42 
43 42.7 O23 62. 0 21. 6 81. 4 41.3 01. 2 61. 3 21.5 81. 9} 43 
44 43. 7 03. 3 63. 0 22. 6 82. 4 42.3 02. 2 62. 3 22. 0 82. 9} 44 
45 44.7| 104.3} 163.9} 223.6) 283.4) 343.2) 403.2) 463.3) 523.5) 583. 9F 45 
46 45.7 05. 3 64. 9 24. 6 84. 4 44, 2 04. 2 64. 3 24. 5 84. 9] 46 
47 46. 7 06. 3 65. 9 25. 6 85. 4 45.2 05. 2 65. 3 25.5 85. OF 47 
48 47.7 07. 3 66. 9 26. 6 86. 4 46. 2 06. 2 66. 3 26. 5 86. 9] 48 
49 48. 7 08. 3 67.9 27. 6 87. 4 47. 2 O72) 67. 3 lke ta 87. 9) 49 
50 49. 7| 109.3} 168.9} 228.6) 288.4) 348.2) 408.2) 468.3) 528.5) 588. 9} 50 
51 D006 10. 3 69. 9 29. 6 89. 4 49. 2 09. 2 69. 3 29. 5 90. OF 51 
52 Sled 1 Sa 70. 9 30. 6 90. 4 50. 2 10. 2 1023 30. 5 91. O} 52 
53 52. 6 eS: 71.9 3176 91. 4 51. 2 L122 (Ale 31. 6 92. OF 53 
54 53. 6 Sy: 72.9 32. 6 92. 4 ae 12° 2 (Paes 32. 6 93. O} 54 
55 54.6} 114.2) 173.9) 233.6} 293.4! 353.2} 413.2) 473.3) 533.6) 594. Of 55 
56 59.06 15.42 74.9 34. 6 94, 4 54. 2 1452 74. 3 34. 6 95. OF 56 
57 56. 6 16. 2 75. 9 35. 6 95. 4 55. 2 15. 2 7533 35. 6 96. O} 57 
58 57. 6 ih, 7 76.9 36. 6 96. 4 56. 2 16. 2 76. 3 36. 6 97. O} 58 
59 58. 6 18. 2 77.9 31.10 97. 4 57. 2 We 1.3 37. 6 98. Of 59 
60 59.6; 119.2] 178.9} 238.6] 298.4] 358.2} 418.2) 478.3] 538.6} 599. OF 60 
Lat 0° 1:9 2° oe 4° one 6° ue 8° 9° Lat, 
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TABLE 5 


Meridional Parts 
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OW OC ONNNNADAnOIN AIEEE PWWWWIWNNNDND] EPR REE Hl ODO OOOO OOO] WO WON NNNNAADAAON 
PEP PWWIWNNNNIEF RR OC) OC OOO) OWMWONNNNAD AGO OP PP P| WWWWNINN REE RH OOOoOuoUnOoeeo 
WWNNNHE EF KE OCOOC OOO WW ONNNNW ADDON OP EP RWI WWNNNI NK RE RK OClOCOCO SO! WOWDWONNNOODD Aon 
OOP PWWIWNNNH| HOODOO! OMMONNNADOUCOOE ERI WWWNDNI EP RH OO]lOOO OO] WONNN AON PP POO 
SOOO DWMWONNADINIP EI WWNNKH EPR OOO] OWDWWONNADDOUTEPWWIWNHNREKHI EH OOOO] ODONNNOODOn 
OD OCONN ADOBE RPWWNN! HEH HOODOO! OWOWONN ODO PWWNNI EF RHOOOD OOWDONNAONaPRWWWINNRHHO 


m0 
.0 
a0 
pil 
well 
al 
5 il 
al 
al 
5 ul 
Bal 
Bel 
al 
Ba 
.2 
a 
. 2 
. 2 
.2 
W?4 
ee 
2 
.2 
. 2 
.3 
ao 
a 
.3 
.3 
a) 
Bs) 
.3 
ao 
wo 
.4 
.4 
4 
4 
.4 
. 4 
. 4 
. 4 
.4 
A) 
.5 
.5 
baa) 
. 5 
.5 
x0 
mo 
.5 
76 
a0) 
2G) 
.6 
.6 
. 6 
. 6 
0) 
eh 
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TABLE 5 


Meridional Parts 


Lat 20° 21° 22° 23° 24° 25° 26° Zhe 
0 1217. 2} 1280. 9} 1345. 0) 1409. 5| 1474. 6| 1540. 2} 1606. 3) 1672. 9 
1 18. 2 ule 46. 0 10. 6 75. 7 1.3 07. 4 74, 1 
2 19.3 83. 0 47.1 11.7 76. 8| 42.4 08. 5 75. 2 
3 20. 4 84. 1 48. 2 12. 8 77.9 43. 4 09. 6 76. 3 
4 21.4 85. 1 49. 3 13. 9 78. 9 44. 5 10. 7 77.4 
5 1222. 5| 1286. 2} 1350. 3) 1414. 9} 1480. 0} 1545. 6} 1611. 8) 1678. 5 
6 23. 5 87. 2 51. 4 16.0 81.1 46. 7 12.9 79. 6 
a 24. 6 88. 3 52. 5 Life 82. 2 47. 8 14.0 80. 8 
8 25. 6 89. 4 53. 5 18. 2 83. 3 48.9 15. 1 81.9 
9 26. 7 90. 4 54. 6 19. 3 84. 4 50. 0 16. 2 83. 0 
10 1227. 8| 1291. 5) 1355. 7| 1420. 3) 1485. 5) 1551. 1) 1617. 3} 1684. 1 
11 28. 8 92. 6 56. 8 21. 4 86. 6 52. 2 18. 4 85. 2 
12 29. 9 93. 6 57. 8 22. 5 Sint 53. 3 19. 6 86. 4 
13 30. 9 94. 7 58. 9 23. 6 88. 8 54. 4 20. 7 87.5 
14 32. 0 95. 8 60. 0 24. 7 89. 8 55. 5 21.8 88. 6 
15 1233. 1] 1296. 8} 1361. 1] 1425. 8} 1490. 9} 1556. 6) 1622. 9) 1689. 7 
16 34. 1 97.9 62. 1 26. 8 92. 0 57. 7 24.0 90. 8 
17 35. 2| 1299. 0 63. 2 Pf 93. 1 58. 8 25. 1 OHk 
18 36. 2} 1300. 0 64. 3 29. 0 94. 2 59. 9 26. 2 93. 1 
19 37. 3 OMe 65. 4 30. 1 95. 3 61. 0 27.3 94, 2 
20 1238. 4) 1302. 2} 1366. 4| 1431. 2) 1496. 4) 1562. 1) 1628. 4) 1695. 3 
21 39. 4 03. 2 67. 5 32. 2 97. 5 63. 2 29. 5 96. 4 
22 40. 5 04. 3 68. 6 33. 3 98. 6 64. 3 30. 6 97.5 
23 41.5 05. 4 69. 7 34. 4| 1499. 7 65. 4 31. 8 98. 7 
24 42. 6 06. 4 CONT 35. 5) 1500. 8 66. 5 32. 9} 1699. 8 
25 1243. 7| 1307. 5| 1371. 8| 1436. 6| 1501. 8| 1567. 6| 1634.0) 1700. 9 
26 44.7 08. 6 72. 9 37. 7 02. 9 68. 7 35. 1 02. 0 
27 45. 8 09. 6 74. 0 38. 7 04. 0 69. 8 36. 2 03. 1 
28 46. 8 10. 7 75. 0 39. 8 05. 1 70. 9 37. 3 04. 3 
29 47. 9 11.8 76. 1 40. 9 06. 2 72. 0 38. 4 05. 4 
30 1249. 0| 1312. 9} 1377. 2) 1442.0) 1507. 3) 1573. 1|.1639. 5| 1706. 5 
31 50. 0 13. 9 78. 3 43. 1 08. 4 74, 2 40. 6 07. 6 
32 51.1 15. 0 79. 3 44,2 09. 5 75. 3 41.8) 088 
33 52. 1 16. 1 80. 4 45. 3 10. 6 76. 4 42. 9 09. 9 
34 53. 2 lrg 81. 5 46. 3 SB 77. 6 44. 0 iB) 
35 1254. 3} 1318. 2) 1382. 6| 1447. 4) 1512. 8) 1578. 7) 1645. 1) 1712.1 
36 55. 3 19. 3 83. 7 48. 5 13. 9 79. 8 46. 2 13. 2 
37 56. 4 20. 3 84. 7 49. 6 15. 0 80. 9 47.3 14. 4 
38 57.5 21. 4 85. 8 50. 7 16. 1 82. 0 48. 4 15. 5 
39 58. 5 22. 5 86. 9 51. 8 ive il 83. 1 49. 5 16. 6 
40 1259. 6| 1323. 5| 1388. 0| 1452. 8} 1518. 2) 1584. 2) 1650. 7) 1717.7 
41 60. 6 24. 6 89. 0 53. 9 19. 3 85. 3 51.8 18. 9 
42 61. 7 25. 7 90. 1 55. 0 20. 4 86. 4 52. 9 20. 0 
43 62. 8 26. 8 91.2 56. 1 21.5 87. 5 54. 0 21.1 
44 63. 8 27. 8 92. 3 57. 2 22. 6 88. 6 55. 1 22. 2 
45 1264. 9! 1328. 9| 1393. 3| 1458. 3| 1523. 7) 1589. 7| 1656. 2) 1723. 4 
46 66. 0 30. 0 94. 4 59. 4 24. 8 90. 8 57. 3 24. 5 
47 67. 0 31.0 95. 5 60. 5 25. 9 91.9 58. 5 25. 6 
48 68. 1 32. 1 96. 6 61. 5 27.0 93. 0 59. 6 26. 7 
49 69. 1 33. 2 97. 7 62. 6 28. 1 94. 1 60. 7 27.9 
50 1270. 2) 1334. 2} 1398. 7| 1463. 7| 1529. 2} 1595. 2) 1661. 8| 1729.0 
51 71.3 35. 3} 1399. 8 64. 8 30. 3 96. 3 62.9} 30.1 
52 72. 3 36. 4) 1400. 9 65. 9 31.4 97. 4 64. 0 31. 2 
53 (3. 4 37. 5 02. 0 67. 0 32. 5 98. 5 65. 1 32. 4 
54 74. 5 38. 5 03. 1 68. 1 33. 6) 1599. 6 66. 3 33. 5 
55 1275. 5| 1339. 6| 1404. 1| 1469. 1| 1534. 7| 1600. 7| 1667. 4) 1734. 6 
56 76. 6 40. 7 05. 2 70. 2 35. 8 01.8 68. 5 35. 7 
57 Ge 41.7 06. 3 71.3 36. 9 02. 9 69. 6 36. 9 
58 78. 7 42. 8 07. 4 72. 4 38.0} 04.1 CA) 38. 0 
59 79. 8 43. 9 08. 5 73. 5 39. 1 05. 2 G1La8 Bite 
60 1280. 9| 1345. 0| 1409. 5| 1474. 6| 1540. 2} 1606. 3) 1672. 9| 1740. 2 
Lat. 20° PAS 22° 23° 24° 25° 26° 27° 
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Meridional Parts 
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TABLE 5 
Meridional Parts 

Lat. 40° An 42° 43° 44° 45° 46° aie 48° 
0 2607. 7| 2686. 3) 2766. 1| 2847. 2} 2929. 6| 3013. 5| 3098. 8} 3185. 7| 3274. 2 
| 09. 0 87. 6 67. 5 48. 6 31.0 14. 9} 3100. 2 87. 1 TAT 
2 10. 3 89. 0 68. 8 49. 9 sya, a as 01. 7 88. 6 Me 
3 11.6 90. 3 70. 1 Sil. 33. 8 We es ORs 1 90. 1 Thay 7 
4 12.9 91. 6 15 SD PA 7) 35. 2 19. 1 04. 5 91.5 80. 2 
5 2614. 2} 2692. 9} 2772. 8| 2854. 0} 2936. 6| 3020. 5) 3106. 0) 3193. 0} 3281. 7 
6 15. 5 94. 2 74. 2 sy a 38. 0 21.9 07. 4 94.5 83. 2 
74 16. 8 95. 6 75. 5 56. 8 39.3 2300) 08. 8 95. 9 84. 7 
8 18. 1 96. 9 76. 9 58. 1 40. 7 24. 8 10. 3 97. 4 86. 1 
9 19. 4 98. 2 78. 2 59. 5 eit 26. 2 11. 7| 3198. 8 87. 6 
10 2620. 7| 2699. 5| 2779. 5| 2860. 9) 2943. 5) 3027. 6) 3113. 2) 3200. 3) 3289. 1 
11 22. 0} 2700. 9 80. 9 62. 2 44.9|- 29.0 14. 6 01. 8 90. 6 
12 Zoo e 02. 2 82. 2 63. 6 46. 3 30. 4 16. 0 03. 2 92. 1 
13 24. 6 03. 5 83. 6 65. 0 ATG 31. 8 17.5 04. 7 93. 6 
14 26. 0 04. 8 84. 9 66. 3 49. 1 So-e 18. 9 06. 2 95. 1 
15 2627. 3| 2706. 2| 2786. 3} 2867. 7| 2950. 5| 3034. 7| 3120. 4) 3207. 7) 3296. 6 
16 28. 6 07. 5 87. 6 69. 1 51. 8 Bo t 21. 8 09. 1 98. 1 
17 29.9 08. 8 89. 0 70. 4 Beh, Ye at. 5 23. 2 10. 6) 3299. 6 
18 Bi 10. 1 90. 3 ZAIRE 54. 6 38. 9 PES TF) 12: We 8301. 1 
19 32.0 1 5 91.7 ad. 2 56. 0 40. 3 26. 1 13. 5 02. 6 
20 2633. 8| 2712. 8| 2793. 0| 2874. 5| 2957. 4) 3041. 7) 3127. 6] 3215. 0} 3304. 1 
21 Bo. 401! 94, 4 75.9 58. 8 Be 29. 0 16. 5 05. 6 
22 36. 4 #5: 4 95. 7 ee 60. 2 44. 6 30. 5 17.9 07. 1 
23 Bie. i 16. 8 97.1 78. 6 61. 6 46. 0 31.9 19. 4 08. 6 
24 39. 0 18. 1 98. 4 80. 0 63. 0 47. 4 33. 4 20. 9 10. 1 
25 2640. 3| 2719. 4| 2799. 8| 2881. 4| 2964. 4] 3048. 8) 3134. 8) 3222. 4) 3311.6 
26 41. 6 20. 7| 2801. 1 82. 8 65. 8 50. 3 36. 2 23. 8 13. 1 
ii 42.9 22. 1 02. 5 84. 1 67. 2 St. 7 Ser! 25. 3 14. 6 
28 44. 3 23. 4 03. 8 85. 5 68. 6 53. 1 39. 1 26. 8 16.1 
| 29 45. 6 24. 7, Ob: 2 86. 9 70. 0 54. 5 40. 6 28. 3 17. 6 
30 2646. 9| 2726. 1| 2806. 5| 2888. 2} 2971. 4| 3055. 9} 3142. 0} 3229. 7) 3319. 1 
Jill 48. 2 27. 4 07.9 89. 6 (OMS 57. 4 43. 5 St 2 20. 6 
32 49. 5 28. 7 09. 2 91.0 74. 2 58. 8 44.9 32. 7; 22.1 
33 50. 8 30. 1 10. 6 92. 4 75. 6 60. 2 46. 4 34, 2 23. 6 
34 52. 1 31. 4 11.9 93. 7 77. 0 61. 6 47. 8 35. 6 25. 2 
35 2653. 4| 2732. 7| 2813. 3| 2895. 1| 2978. 4| 3063. 1} 3149. 3) 3237. 1) 3326. 7 
36 4s TC, 34. 1 14. 6 96. 5 79. 8 64. 5 50. 7 38. 6 28. 2 
37 56. 0 35. 4 16. 0 97.9 Si, 2 65. 9 52. 2 40. 1 29. 7 
38 57. 4 36. 7 17. 3} 2899. 3 82. 6 67. 3 53. 6 41. 6 Sle 2 
39 58. 7 38. 1 18. 7| 2900. 6 84. 0 68. 8 55. 1 43.0 B20 
40 2660. 0| 2739. 4| 2820. 0| 2902. 0| 2985. 4| 3070. 2) 3156. 5) 3244. 5) 3334. 2 
41 61. 3 40. 7 21. 4 03. 4 86. 8 7A, 6 58. 0 46. 0 3D. 0 
42 62. 6 42. 1 22a 04. 8 88. 2 73. 0 59. 4 47.5 37. 2 
43 63. 9 43. 4 24. 1 06. 1 89. 6 WA. 5 60. 9 49. 0 38. 7 
44 65. 2 44, 7 25. 5 07; 3 91.0 75.9 62. 3 50. 4 40. 2 
45 2666. 6| 2746. 1| 2826. 8| 2908. 9} 2992. 4) 3077. 3] 3163. 8) 3251. 9) 3341. 8 
46 67.9 47.4 28. 2 10. 3 93. 8 (ot 65. 3 53. 4 43. 3 
47 69. 2 48. 7 29. 5 alee, 95. 2 80. 2 66. 7 54. 9 44, 8 
48 MO} o 50. 1 30. 9 13. 0 96. 6 81. 6 68. 2 56. 4 46. 3 
49 71.8 51. 4 32. 2 14. 4 98. 0 83. 0 69. 6 57. 9 47.8 
50 2673. 1| 2752. 7| 2833. 6| 2915. 8| 2999. 4) 3084. 5| 3171. 1) 3259. 3 3349. 3 
51 a4. 5 54. 1 35. 0 17. 2} 3000. 8 85. 9 ies © 60. 8 50. 8 
52 75. 8 55. 4 36. 3 18. 6 02. 2 87. 3 74. 0 62. 3 52. 4 
ES lect: 56. 8 87. 0 19.9 03. 6 88. 8 ono 63. 8 5a. 9 
54 78. 4 58. 1 39. 0 Dee 05. 0 90. 2 76.9 65. 3 55. 4 
55 2679. 7| 2759. 4| 2840. 4| 2922. 7| 3006. 4| 3091. 6) 3178. 4) 3266. 8 3356. 9 
56 81. 0 60. 8 41.8 24. 1 07.8 93. 1 79.8 68. 3 58. 4 
57 82. 4 62.1 43.1 25. 8 09. 2 94. 5 Si 3 69. 7 59. 9 
58 83. 7 63. 4 44. 5 26. 9 10. 6 95. 9 82.8 wis 2 Gik 6 
59 85. 0 64. 8 45.8 28. 2 et 97. 4 84. 2 Olas 63. 0 
60 2686. 3| 2766. 1| 2847. 2| 2929. 6| 3013. 5) 3098. 8| 3185. 7 3274. 2} 3364. 5 

Lat 40° 412 42° 43° 44° 45° 46° AN 48° 
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TABLE 5 


Meridional Parts 


Lat 50° 51° 52° 53° 54° 55° Lat. 
0 3456. 6} 3550. 7| 3646. 8) 3745. 2} 3845. 8} 3948. 9 0 
1 58. 2 52. 3 48. 5 46. 8 47. 5 50. 6 1 
2 59. 7 53. 9 50. 1 48. 5 49. 2 52. 4 2 
3 61. 3 55. 5 yl 7 50. 1 50. 9 54, 1 3 
4 62. 8 57. 0 53. 3 51.8 52. 6 55. 8 4 
5 3464. 4| 3558. 6} 3654. 9} 3753. 4| 3854. 3] 3957. 6 5 
6 65. 9 60. 2 56. 6 55. 1 56. 0 59. 3 6 
u 67. 5 61.8 58. 2 56. 8 57.7 61. 1 7 
8 69. 1 63. 4 59. 8 58. 4 59. 4 62. 8 8 
9 70. 6 65. 0 61. 4 60. 1 61.1 64. 6 9 

10 3472. 2} 3566. 6} 3663. 1} 3761. 8} 3862. 8} 3966. 3 10 

11 73. 7 68. 2 64. 7 63. 4 64. 5 68. 1 lat 

12 75. 3 69. 8 66. 3 65. 1 66. 2 69. 8 12 

13 76. 8 71.3 67. 9 66. 8 67. 9 AEG 13 

14 78. 4 72. 9 69. 6 68. 4 69. 6 73. 3 14 

15 3480. 0} 3574. 5} 3671. 2} 3770. 1] 3871. 3) 3975. 1 15 

16 81.5 76. 1 72. 8 71.8 73. 0 76. 8 16 

LT 83. 1 Ute t 74. 5 73. 4 74. 7 78. 6 17 

18 84. 6 79. 3 76. 1 75. 1 76. 4 80. 3 18 

19 86. 2 80. 9 CHE 76. 8 78. 2 82. 1 19 

20 3487. 8) 3582. 5) 3679. 4) 3778. 4] 3879. 9| 3983. 8 20 

21 89. 3 84. 1 81.0 80. 1 $1.6 85. 6 21 

22 90. 9 85. 7 82. 6 81.8 83. 3 87. 3 22 

23 92. 4 87. 3 84. 3 83. 4 85. 0 Soa 23 

24 94. 0 88. 9 85. 9 85. 1 86. 7 90. 8 24 

25 3495. 6) 3590. 5) 3687. 5) 3786. 8| 3888. 4) 3992. 6 25 

26 97. 1 GPx il 89. 2 88. 5 90. 1 94. 4 26 

27 3498. 7 Bh 7 90. 8 90. 1 Me) SOar 27 

28 3500. 3 95. 3 92. 4 91.8 93. 6 97. 9 28 

29 01.8 96. 9 94. 1 93. 5 95. 3) 3999. 6 29 

30 3503. 4) 3598. 5} 3695. 7} 3795. 2} 3897. 0| 4001. 4 30 

31 05. 0) 3600. 1 97. 3 96. 8] 3898. 7 03. 2 31 

32 06. 5 01. 7| 3699. 0} 3798. 5) 3900. 5 04. 9 32 

33 08. 1 03. 3] 3700. 6) 3800. 2 02. 2 06. 7 33 

34 09. 7 04, 9 02. 3 01. 9 03. 9 08. 4 34 

35 3511. 3) 3606. 5] 3703. 9) 3803. 6} 3905. 6| 4010. 2 35 

36 12.8 08. 1 05. 6 05. 2 07. 3 12.0 36 

37 14, 4 09. 7 07. 2 06. 9 09. 1 13. 7 37 

38 16. 0 11.3 08. 8 08. 6 10. 8 15. 5 38 

39 idsgo 12.9 10. 5 10. 3 12. 5 Whee} 39 

40 3519. 1| 3614. 6] 3712. 1] 3812. 0} 3914. 2] 4019.0 40 

41 20. 7 16. 2 13. 8 13. 7 16. 0 20. 8 41 

42 22. 3 17. 8 15. 4 15. 3 eh, 22. 6 42 

43 23. 8 19. 4 ike a 17.0 19. 4 24. 4 43 

44 25. 4 21.0 18. 7 18. 7 21.1 26. 1 44 

45 3527. 0) 3622. 6) 3720. 4| 3820. 4] 3922. 9] 4027. 9 45 

46 28. 6 24. 2 22. 0 22. 1 24. 6 2957 46 

47 30. 1 25. 8 23. 7 23. 8 26. 3 31.5 a7 

48 31.7 27. 4 25. 3 25. 5 28. 1 33. 2 48 

ag) 33. 3 29. 0 27. 0 27. 2 29. 8 35. 0 49 

50 3534. 9) 3630. 7| 3728. 6} 3828. 8} 3931. 5| 4036. 8 50 

51 36. 5 32. 3 30. 3 30. 5 33. 2 38. 6 

52 38. 0 33. 9 31.9 32. 2 35. 0 40. 3 52 

53 39. 6 35. 5 33. 6 33. 9 36. 7 42.1 53 

54 41. 2 37. 1 35. 2 35. 6 38. 5 43. 9 54 

55 3542. 8) 3638. 7| 3736. 9] 3837. 3! 3940. 2| 4045. 7 55 

56 44, 4 40. 4 38. 5 39. 0 41.9 47. 5 

57 45. 9 42. 0 40. 2 40. 7 43. 7 49. 2 

58 47. 5 43. 6 41.8 42. 4 45. 4 51. 0 

59 49. 1 45, 2 43. 5 44,1 47. 1 52. 8 

60 3550. 7/ 3646. 8} 3745, 2) 3845. 8] 3948. 9] 4054. 6 

Lat 50° 51° 52° 53° 54° 55° Lat. 
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TABLE 5 
Meridional Parts 
Lat. 60° 61° 62° 63° 64° 652 66° 67° 68° 69° Lat. 
0 4507. 2) 4628. 8| 4754. 4) 4884. 2} 5018. 5| 5157. 7| 5302. 2) 5452. 5) 5609. 2) 5772. 8] O 
1 09. 2 30. 9 56. 5 86. 4 20. 7 60. 0 04. 7 55. 1 ae @) 75. 6] 1 
2 ele 2 33. 0 58. 7 88. 6 23. 0 62. 4 07. 1 endl 14. 5 78.4) 2 
3 13. 2 35. 0 60. 8 90. 8 2o.3 64. 8 09. 6 60. 2 17. 2 Sie 2s: 
4 15, 2 Sy6 a! 62. 9 93. 0 27. 6 67.1 125 1 62. 8 19. 9 84. O} 4 
5 4517. 2| 4639. 1| 4765. 0| 4895. 2) 5029. 9} 5169. 5) 5314. 5) 5465. 4| 5622. 6) 5786. 8] 5 
6 19. 2 Aino 67. 2 97. 4 S22 71.9 17. 0 67.9 25. 2 89. 6} 6 
i 212 2 43. 3 69. 3] 4899. 6 3450 74. 3 19. 4 70. 5 27.9 92.4) 7 
8 23,2 45.3 71. 5) 4901. 8 36. 7 76. 6 21.9 73. 1 30. 6 95.2) 8 
9 25. 2) 47.4 73. 6 04. 0 39. 0 79. 0 24. 4 75. 6 33. 3} 5798. 0] 9 
10 4527. 2| 4649. 5| 4775. 7| 4906. 2} 5041. 3) 5181. 4) 5326. 9) 5478. 2) 5636. 0} 5800. 8} 10 
11 29. 2 51. 6 7H) 08. 4 43. 6 83. 8 29. 3 80. 8 38. 7 03. 6f 11 
12 Bi. 2 53. 6 80. 0 10. 7 45.9 86. 1 31. 8 83. 4 41.3 06. 4] 12 
115" 33. 2 55. 7 82. 1 12.9 48. 2 88. 5 34. 3 85. 9 44. 0 09. 2] 13 
14 3b; 2) 57.8 84. 3 ists a 50. 5 90. 9 36. 8 88. 5 46. 7 12. OF 14 
15 4537. 2| 4659. 9| 4786. 4| 4917. 3| 5052. 8] 5193. 3} 5339. 2} 5491. 1) 5649. 4) 5814. OF 15 
16 39.3 61. 9 88. 6 19. 5 55. 1 057s welt 93. 7 GA 1 17. 7] 16 
17 41.3 64. 0 90. 7 Pilea 57. 4) 5198. 1 44,2 96. 3 54. 8 20. 5] 17 
18 43. 3 66. 1 92. 9 24. 0 59. 7| 5200. 5 46. 7| 5498. 9 57. 5 23. 3] 18 
19 45. 3 68. 2 95. 0 26. 2 62. 0 02. 9 49. 2} 5501. 4 60. 2 26. 1) 19 
20 4547. 3| 4670. 2| 4797. 2| 4928. 4| 5064. 3| 5205. 2) 5351. 7| 5504. 0} 5662. 9) 5829. 0 20 
21 49. 3 72. 3) 4799. 3 30. 6 66. 6 07. 6 54. 1 06. 6 65. 6 31. 8] 21 
22 51. 4 74. 4| 4801. 5 32. 9 68. 9 10. 0 56. 6 09. 2 68. 3 34. 6] 22 
23 53. 4 76.5! 03.6 35. Il fie? ip! 59. 1 11.8 fils al 37. 5} 23 
24 55. 4 78. 6 05. 8 By Ares 73. 5 14. 8 61. 6 14. 4 73. 8 40. 3] 24 
25 4557. 4| 4680. 7| 4807. 9| 4939. 6| 5075. 9| 5217. 2) 5364. 1) 5517. 0| 5676. 5) 5843. 2 25 
26 59. 4 82. 8 10. 1 41. 8 78. 2 19. 6 66. 6 19. 6 79. 2 46. O] 26 
25 61. 5 84. 8 PAB 44. 0 80. 5 22. 0 69. 1 2202 81. 9 48. 8] 27 
28 63. 5 86. 9 14. 4 46. 3 82.8 24. 4 71.6 24.8 84. 6 51. 7] 28 
29 65. 5 89. 0 16. 6 48. 5 ss, il 26. 8 74. 1 Digg, O 87. 4 54. 5] 29 
30 4567. 5| 4691. 1| 4818. 7| 4950. 7| 5087. 4| 5229. 3) 5376. 6} 5530. 0) 5690. 1 5857. 4] 30 
31 69. 6 93. 2 20. 9 53. 0 89.8 Si. 7 79.1 32.7 92. 8 60. 3} 31 
32 71.6 95. 3 23. 2 55. 2 92.1 34. 1 81. 6 35. 3 95. 5 63. 1] 32 
3o 73. 6 97. 4 25. 2 57. 4 94. 4 36. 5 84. 1 37. 9| 5698. 3 66. Of 33 
34 75. 7| 4699. 5 27. 4 59. 7 96. 7 38. 9 86. 7 40. 5| 5701.0) 68. 8} 34 
oo 4577. 7| 4701. 6| 4829. 6| 4961. 9} 5099. 1) 5241. 3) 5389. 2) 5543. 1 5703. 7| 5871. 7 35 
36 79. 7 03. 7 31.0 64. 2| 5101. 4 43. 7 91. 7 45.7 06. 5 74. 6] 36 
37 81.8 05. 8 33. 9 66. 4 O37 46. 2 94, 2 48. 4 09. 2 77. 4| 37 
38 83. 8 07.9 36. 1 68. 7 06. 0 48. 6 96. 7 51.0 12.0 80. 3] 38 
39 85. 8 10. 0 38. 3 70.9 08. 4 51. 0} 5399. 2 53. 6 14. 7 83. 2] 39 
40 4587. 9| 4712. 1| 4840. 4) 4973. 2} 5110. 7| 5253. 4) 5401. 8) 5556. 2 5717. 5| 5886. OF 40 
41 89. 9 14. 2 42. 6 75. 4 13. 0 55. 8 04. 3 58. 9 20. 2 88. OF 41 
42 91. 9 16. 3 44,8 ike We 15. 4 58. 3 06. 8 61.5 22.9 91. 8} 42 
43 94. 0 18. 4 47.0 79.9 17. 7 60. 7 09. 3 64. 1 25. 7 94, 7] 43 
44 96. 0 20. 5 49. 1 82. 2 20. 1 63. 1 11. 9 66. 8 28. 5| 5897. 6f 44 
45 A598. 1| 4722. 6| 4851. 3) 4984. 4| 5122. 4) 5265. 6) 5414.4 5569. 4| 5731. 2| 5900. 4} 45 
46 4600. 1 24.71 53. 5 86. 7 24. 7 68. 0 16. 9 val 34. 0 03. 3} 46 
47 02. 2 26. 8 55. 7 89. 0 Don 70. 4 19. 5 dl 36. 7 06. 2] 47 
48 04. 2 29. 0 57. 9 91. 2 29. 4 72.9 22. 0 TEES 39. 5 09. 1] 48 
49 06. 3 31.4 60. 0 93. 5 Sas (hayes) Mb} 80. 0 42. 3 12. 0} 49 
50 4608. 3| 4733. 2| 4862. 2) 4995. 8} 5134. 1| 5277. 7) 5427. 1 5582. 6| 5745. 0] 5914. 9} 50 
51 10. 3 30.5 64. 4) 4998. 0 86.50 80. 2 29. 6 85. 3 47.8 17. 8} 51 
52 12. 4 37. 4 66. 6| 5000. 3 38. 8 82. 6 Spel 87.9 50. 6 20. 7] 52 
53 14, 4 39. 5 68. 8 02. 6 AZ 85. 1 34. 7 90. 6 53. 3 23. 6] 53 
54 16. 5 41g 71.0 04. 8 43. 5 S110 She ie 93. 2 56. 1 26. 5I 54 
55 4618. 6| 4743. 8| 4873. 2| 5007. 1) 5145. 9) 5290. 0} 5439. 8 5595. 9| 5758. 9} 5929. 4] 55 
56 20. 6 45.9 75. 4 09. 4 48. 2 92. 4 42. 3) 5598. 5 61. 7 32. 3) 56 
57 PPA 7! 48. 0 ia. O 11. 6 50. 6 94. 9 44. 9| 5601. 2 64. 4 35. 3] 57 
58 DA i 50. 1 79.8 13. 9 53. 0 97.3 47.4 03. 9 67. 2 38. 2] 58 
59 26. 8 §2.3 82. 0 16. 2 55. 3} 5299. 8 50. 0 06. 5 70. 0 41. 1] 59 
60 4628. 8| 4754. 4| 4884. 2| 5018. 5| 5157. 7) 5302. 2 5452. 5| 5609. 2} 5772. 8| 5944. Of 60 
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TABLE 5 
Meridional Parts 
Lat 70° (ale (BC (ek? 74° 75° 76° ae 78° 79° Lat. 
0 5944, 0} 6123. 7} 6312. 7) 6512. 1) 6723. 3) 6947. 8) 7187. 4| 7444. 5) 7721. 8| 8022. 8} O 
1 46. 9 26. 7 15. 9 15. 5 2750 sulk, 7 91.6 48. 9 26. 6 28.1) 1 
2 49.9 29. 8 19. 1 19. 0 30. 6 55. 5 95. 7 53. 4 3p 2 ABS 2 
3 52. 8 32.9 22. 4 22,54 ovk 7 59. 4| 7199. 9 57. 8 36. 2 38. 6 3 
4 DD. 7 36. 0 25. 6 25.8 37.9 63. 3| 7204. 0 62. 3 41.0 43/8) 14 || 
5 5958. 6| 6139. 0} 6328. 9} 6529. 3) 6741. 5) 6967. 2} 7208. 2} 7466. 8) 7745. 9} 8049. lf 5 
6 61. 6 ZOE | SPX Il aes ef 45. 2 (Ale al L253 Wi, 50. 7 54.47 6 
7 64. 5 A ae) 35. 4 36. 1 48. 8 75. 0 16. 5 15.7 55. 6 59. 7] 7 
8 67.5 48. 3 38. 6 39. 6 5255 78. 8 20. 7 80. 2 60. 4 65. 0} 8 
9 70. 4 51.4 41.9 43. 0 56. 1 82. 7 24. 8 84. 7 65. 3 70. 3] 9 
10 5973. 3) 6154. 5) 6345. 1| 6546. 5} 6759. 8} 6986. 6} 7229. 0} 7489. 2| 7770. 2} 8075. 6{ 10 
11 76. 3 57. 6 48. 4 49.9 63. 4 90. 6 SB) 93. 7 75. 0 80. 9f 11 
12 79. 2 60. 7 51.7 53. 4 67.1 94.5 37. 4| 7498. 2 79.9 86. 3} 12 
1g 82. 2 63. 8 55. 0 56. 8 70. 8| 6998. 4 41. 6| 7502. 7 84. 8 91. 6| 13 
14 85. 1 66. 9 68. 2 60. 3 74, 5| 7002. 3 45. 8 07. 3 89. 7} 8096. 9} 14 
15 5988. 1} 6170. 0} 6361. 5} 6563. 8} 6778. 1) 7006. 2) 7250. 0} 7511. 8} 7794. 6| 8102. 3] 15 
16 91.1 a a 64. 8 67. 2 81.8 10. 2 54. 2 16. 3) 7799. 5 07. 7] 16 
17 94. 0 76. 2 68. 1 70. 7 85. 5 14,1 58. 4 20. 9} 7804. 5 13. Of 17 
18 97.0 79. 3 71. 4 Ae 89. 2 18. 0 62. 6 25. 4 09. 4 18. 4] 18 
19 5999. 9 82. 4 74. 6 th 92.9 22. 0 66. 8 29.9 14.3 23. &| 19 
20 6002. 9) 6185. 6) 6377. 9| 6581. 2} 6796. 6| 7025. 9| 7271. 1| 7534. 5) 7819. 3) 8129. 2] 20 
21 05. 9 88. 7 81. 2 84. 6} 6800. 3 29. 9 TAs, & 39. 1 24. 2 34. 6] 21 
22 08. 9 91.8 84. 5 88. 1 04. 0 33. 8 79. 5 43. 6 29. 2 40. 0} 22 
23 aS 94.9 87.8 91. 6 07. 7 37. 8 83. 8 48. 2 34. 1 45. 4] 23 
24 14. 8) 6198. 1 91.1 95. 1 11. 4 41.7 88. 0 52. 8 39. 1 50. 9} 24 
25 6017. 8| 6201. 2} 6394. 4) 6598. 6} 6815. 2) 7045. 7| 7292. 3) 7557. 4) 7844. 1) 8156. 3] 25 
26 20. 8 04. 3) 6397. 7| 6602. 1 18. 9 49. 7| 7296. 5 62. 0 49.1 61. 8] 26 
27 23. 8 07. 5| 6401. 1 05. 6 22. 6 53. 6} 7300. 8 66. 6 54. 0 67. 2] 27 
28 262k 10. 6 04. 4 09. 1 26. 3 57. 6 05. 1 (AN 59. 0 72. 7] 28 
29 29. 7 13. 8 07. 7 127 30. 1 61. 6 09. 3 75. 8 64. 0 78. 2) 29 
30 6032. 7} 6216. 9} 6411. 0} 6616. 2} 6833. 8| 7065. 6] 7313. 6) 7580. 4| 7869. 1| 8183. 6| 30 
31 35. 7 20. 1 14. 3 19. 7 37.5 69. 6 17.9 85. 0 “4o 1 89. 1} 31 
32 ats 7 DBS, Oe INP ath BW 41.3 73. 6 OPA, 89. 6 79. 1| 8194. 6] 32 
33 41.7 26. 4 21.0 26. 7 45. 0 77. 6 26. 5 94. 3 84. 1) 8200. 1] 33 
34 44, 7 29.5 24. 3 30. 3 48. 8 81. 6 30. 8| 7598. 9 89. 2 05. 7] 34 
35 6047. 7| 6232. 7| 6427. 7| 6633. 8) 6852. 6| 7085. 6] 7335. 1] 7603. 6| 7894. 2} 8211. 2) 35 
36 50. 7 35. 9 31.0 ay, & 56. 3 89. 6 39. 4 08. 2} 7899. 3 16. 7] 36 
37 53. 7 39. 0 34. 4 40. 9 60. 1 93. 7 43. 7 12. 9| 7904. 3 yas) ye 
38 56. 8 42. 2 37. 7 44, 4 63. 9| 7097. 7 48. 0 17.5 09. 4 27. 8 38 
39 59. 8 45. 4 41.0 48. 0 67. 6| 7101. 7 52. 4 BDA. De 14.5 33. 4] 39 
40 6062. 8] 6248. 6) 6444. 4) 6651. 5) 6871. 4) 7105. 8] 7356. 7| 7626. 9} 7919. 6} 8238. 9] 40 
41 65. 8 Dile ¢ 47.8 May, al (hy? 09. 8 61. 0 31.6 24. 7 44. 5] 41 
42 68. 8 54. 9 51/1 58. 6 79. 0 13. 8 65. 4 36. 3 29.7 50. 1] 42 
43 71.8 58. 1 54. 5 62. 2 82. 8 17.9 69. 7 41.0 34.9 55. 7] 43 
44 74.9 61.3 57. 8 65. 8 86. 6 21.9 74,1 45. 7 40. 0 61. 3] 44 
45 6077. 9) 6264. 5} 6461. 2) 6669. 3} 6890. 4| 7126. 0| 7378. 4) 7650. 4| 7945. 1| 8266. Of 45 
46 80. 9 (rh, 7 64. 6 72.9 94. 2 30. 1 82.8 ss IL 50. 2 72. 5) 46 
47 84. 0 70. 9 68. 0 76. 5| 6898. 0 ota 87. 2 59. 8 55. 4 78. 2) 47 
48 87. 0 (Aa l, & 80. 1) 6901. 8 38. 2 91. 6 64.5 60. 5 83. 8] 48 
49 90. 0 MB oe Sonn 05. 6 42. 3) 7395. 9 69. 3 65. 6 89. 51 49 
50 6093. 1} 6280. 5| 6478. 1} 6687. 3} 6909. 4| 7146. 4| 7400. 3} 7674. 0| 7970. 8| 8295. 11 50 
iil 96. 1 83. 7 81.5 90. 8 1382 50. 4 04. 7 (S06 76. 0} 8300. 8} 51 
52 6099. 2 86. 9 84. 9 94. 4 V7 54. 5 09. 1 83. 5 Sigal 06. 5] 52 
53 6102. 2 90. 1 88. 3) 6698. 0 20. 9 58. 6 IS}, 5 88. 3 86. 3 12. 2 53 
54 05. 3 93. 3 91. 7| 6701. 6 DA 62. 7 17.9 93. 0 91.5 17. OF 54 
Do 6108. 3) 6296. 5) 6495. 1) 6705. 2} 6928. 6| 7166. 8| 7422. 3) 7697. 8| 7996. 7| 8323. 6 55 
56 11. 4| 6299. 8) 6498. 5 08. 9 32. 4 71.0 26. 8| 7702. 6} 8001. 9 29. 31 56 
Da 14. 5} 6303. 0) 6501. 9 PA bi 36. 2 75. 1 Bil: Be 07. 4 07. 1 35. O 57 
58 76153 06. 2 05. 3 16. 1 40. 1 79. 2 35. 6 22 Ps, 4 40. 7] 58 
59 20. 6 09. 4 08. 7 19. 7 44. 0 83. 3 40. 0 17. 0 17. 6 46. 5] 59 
60 6123. 7} 6312. 7| 6512. 1) 6723. 3| 6947. 8| 7187. 4| 7444. 5| 7721. 8] 8022. 8| 8352. 21 60 
Lat 70° (ie w2° (a? wae (ey 76° WT Theda 79° Lat 


TABLE 5 


Meridional Parts 
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Lat. 80° 81° 82° 83° 84° 85° 86° 87° 88° 89° Lat. 
0 8352. 2) 8716. 0} 9122. 4) 9582. 7)/10113. 7/10741. 4)11509. 3)12498. 8)13893. 1 0 
il 58. 0 22. 4 29. 6 90.9} 123.3) 752.9) 5238.6) 518.0) 921.9 1 
2 63. 8 28. 8 36. 8} 9599. 1| 132.9) 764.4) 538.0} 537.2) 950.9 2 
3 69. 5 35. 3 44. 0| 9607. 4 142.5) 776.0) 552.5) 556. 6)13980. 2 3 
4 75. 3 41.7 51. 2 15. 6) 152. 2), 787. 6) 567.1) 576. 1)14009. 7 4 
5 8381. 1) 8748. 1} 9158. 5| 9623. 9)10161. 9/10799. 2/11581. 7/12595. 7)/14039. 5 5 
6 86. 9 54. 6 65. 7 32. 3} 171.6) 810.9) 596.4) 615.4) 069.5 6 
G 92. 8 Oiler Ab 73. 0 40. 6| 181.3] 822.6) 611.1) 635.2) 099. 8 a 
8 8398. 6 67. 5 80. 3 48.9| 191.1} 834.4) 625.9) 655.2) 130.3 8 
9 8404. 4 74. 0 87. 6 57. 3} 200.9) 846.2) 640.7) 675.2) 161.2 9 

10 8410. 3) 8780. 5) 9195. 0) 9665. 7|/10210. 7/10858. 1)11655. 7)/12695. 4)14192. 3 10 

11 TGs 87. 1} 9202. 3 74,1); 220.6) 870.0) 670.7); 715.7) 223.7 ib 

12 22. 0} 8793. 6 OSS 7 82. 6] 230. 4; 881.9) 685.7; 736.1) 255. 4 12 

13 27. 9) 8800. 1 EN) 91.0} 240.3} 893.9) 700.8) 756.6) 287. 4 13 

14 33. 8 06. 7 24. 4 9699. 5| 250.3) 905.9) 716.0) 777.3) 319.7 14 

15 8439. 7| 8813. 2} 9231. 8} 9708. 0j/10260. 2/10917. 9)11731. 3)12798. 1/14352. 2 15 

16 45. 6 19. 8 39. 3 16. 5) 270. 2) 930.0) 746.6} 819.0} 385. 2 16 

Lb 51. 5 26. 4 46. 7 25.0! 280.3) 942.2) 762.0) 840.0) 418.4 ike 

18 57. 4 33. 0 54. 2 33. 6| 290.3) 954.3) 777.5) 861.2) 451.9 18 

19 63. 4 39. 6 61. 6 42.2} 300.4) 966.6) 793.0) 882.5) 485.8 8) 

20 8469. 3} 8846. 3} 9269. 1) 9750. 810310. 5)10978. 8)11808. 6) 12903. 9)/14520. 0 20 

21 75. 3 52. 9 76. 6 59. 4 320. 7/10991. 2; 824.3) 925.4) 554. 6 21 

22 81. 3 59. 6 84. 1 68. 0} 330. 8)11003. 5) 840.0) 947.1) 589.5 22 

23 87. 2 66. 2 iy) 76. 7| 341.0} 015.9} 855.8) 969.0) 624.7 23 

24 93. 2 72. 9} 9299. 2 85. 4| 351.3} 028.4; 871. 7/12990. 9); 660. 4 24 

25 8499. 2} 8879. 6} 9306. 8| 9794. 1/10361. 5/11040. 8)11887. 7/13013. 1)14696. 4 25 

26 8505. 2 86. 3 14. 4) 9802. 8] 371.8) 053.4) 903.7) 035.3) 732.7 26 

27 11.3 93. 0 22. 0 11. 6} 382.1) 066.0) 919.8} 057.7) 769.5 27 

28 17. 3} 8899. 8 29. 6 20. 4 392.5) 078.6) 936.0} 080.3) 806.7 28 

29 23. 3) 8906. 5 37. 2 29. 2} 402.9) 091.3) 952.3) 103.0) 844.3 29 

30 8529. 4| 8913. 3) 9344. 9) 9838. 0)10413. 3)11104. 0/11968. 6)13125. 8)14882. 2 30 

31 35. 4 20. 0 52. 6 46. 8| 423. 7| 116. 8)11985. 0) 148.8) 920.7 31 

32 41.5 26. 8 60. 2 55. 7| 4384.2) 129. 6/12001. 5) 172.0) 959.5 32 

33 47.6 33. 6 67.9 64. 6| 444. 7| 142.4) 018.1) 195. 3)14998. 8 33 

34 53. 7 40. 4 75. 7 73.5} 455.3] 155.3) 034. 8) 218. 8)15038. 6 34 

35 8559. 8| 8947. 2) 9383. 4) 9882. 4/10465. 9)11168. 3/12051. 5)13242. 4)15078. 8 35 

36 65. 9 54. 1 91. 2} 9891. 4]. 476. 5| 181.3) 068.3) 266.2) 119.5 36 

37 72. 0 60. 9 9398. 9} 9900. 4 487.1) 194. 4| 085.2) 290.2) 160.6 37 

38 78. 2 67. 8) 9406. 7 09. 4 497.8, 207.5) 102.2} 314.3) 202.3 38 

39 84. 3 74. 7 14. 5 18.4, 508.5) 220.6) 119.3) 338.6) 244.5 39 

40 8590. 5| 8981. 6| 9422. 3) 9927. 5|10519. 2/11233. 9/12136. 4/13363. 1/15287. 2 40 

41 8596. 7 88. 5 30. 2 36. 6} 530.0) 247.1) 153.7) 387.7) 330.4 41 

42 8602. 8] 8995. 4 38. 0 45. 7| 540.8! 260.4) 171.0) 412.5) 374.2 42 

43 09. 0) 9002. 3 45.9 54.8] 551.7) 273.8) 188.4) 4387.6} 418.6 43 

44 15. 2 09. 3 53. 8 63. 9| 562.5) 287.2) 205.9, 462.7) 463.5 44 

45 8621. 5| 9016. 2| 9461. 7| 9973. 1/10573. 4/11300. 7/12223. 5)13488. 1)15509. 1 45 

46 27. 7 23. 2 69. 7 82.3} 584.4) 314.2) 241.2) 513.7) 555. 2 46 

47 33. 9 30. 2 77. 6| 9991. 5} 595. 4| 327.8] 259.0) 539.4) 602.0 47 

48 40. 2 37. 2 85. 6110000. 8| 606. 4| 341.4] 276.8) 565.4) 649. 4 48 

49 46. 4 44, 2} 9493. 6| 010.0) 617.4} 355.1] 294.8) 591.5) 697.5 49 

50 8652. 7| 9051. 3| 9501. 6/10019. 3/10628. 5)11368. 8)12312. 9/138617. 9/15746. 3 50 

51 59. 0 58. 3 09. 6} 028.7) 639. 6} 382.6) 331.0) 644.5) 795.7 51 

52 65. 3 65. 4 17. 6| 038.0) 650.8] 396.4) 349.3) 671.2) 845.9 52 

53 71. 6 72. 4 25.7| 047. 4| 662.0} 410.3} 367.6} 698. 2| 896.9 53 

54 TE 79. 5 33. 8| 056.8] 673.2} 424.3) 386.0) 725. 4/15948. 6 54 

55 8684, 2} 9086. 6 9541. 9/10066. 2/10684. 5)11438. 3)12404. 6)13752. 8)16001. 1 55 

56 90. 6| 9093. 7 50.0| 075.6} 695.8} 452.4) 423.2) 780.4) 054.4 56 

57 8696. 9} 9100. 9 58. 1| 085.1} 707.1} 466.5) 442.0) 808.2) 108.5 57 

58 8703. 3 08. 0 66. 3) 094.6; 7185} 480.7; 460.8) 836.3) 163.5 58 

59 09. 6 15. 2 74.5] 104.1] 729.9| 494.9} 479.8} 864.6) 219.4 59 

60 8716. 0| 9122. 4| 9582. 7/10113. 7/10741. 4/11509. 3/12498. 8)13893. 1/16276. 2 60 

Lat 80° 81° 82° 83° 84° 85° 86° 87° 88° 89° Lat. 
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TABLE 6 
Length of a Degree of Latitude and Longitude 


Degree of latitude Degree of longitude 


Nautical Statute Feet Nautical Statute Feet 
miles 


110 567 ; 69. 172 | 365 226 


0 
1 
2 
3 
4 
5 
6 
7 
8 
9 


110 699 


280 171 
276 040 
271 827 
267 530 
: . 839 | 263 150 
364 603 : : 258 691 
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TABLE 6 
Length of a Degree of Latitude and Longitude 


Degree of latitude Degree of longitude 


Nautical Statute Feet Meters Nautical Statute Feet Meters 
miles miles 


60. 006 ! 364 603 | 111 131 


364 
365 
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TABLE 7 


Distance of an Object by Two Bearings 
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' TABLE 8 


Distance of the Horizon 


I a a a 

‘igh cal Statute Height Nautical Statute 

i ae eee aoe : Bes miles feet miles miles 
1 ile al 1. 3 120 12.5 14. 4 940 yay, Al 40. 4 
2 1. 6 1.9 125 12.8 14. 7 960 35. 4 40. 8 
3 2.0 2. 3 130 13. 0 15. 0 980 35. 8 41.2 
4 20 2. 6 135 13.3 15.3 1, 000 36. 2 41.6 
5 2. 6 2.9 140 13. 5 15. 6 1, 100 37.9 43. 7 
6 2.8 3. 2 145 13. 8 15. 9 1, 200 39. 6 45. 6 
7 3. 0 3. 5 150 14.0 Gia 1, 300 41.2 47. 5 
8 3. 2 Bit 160 14.5 16. 7 1, 400 42.8 49. 3 
9 .3.4 4.0 170 14. 9 L722 1, 500 44,3 51. 0 
10 3. 6 4,2 180 15. 3 17.7 1, 600 45. 8 HVA Tf 
11 3. 8 4.4 190 15. 8 18. 2 1, 700 47. 2 54. 3 
12 4.0 4.6 200 16. 2 18. 6 1, 800 48. 5 55. 9 
13 4.1 4.7 210 16. 6 19. 1 1, 900 49.9 57. 4 
14 4.3 4.9 220 17.0 19. 5 2, 000 ols2 58. 9 
15 4.4 5. 1 230 17.3 20. 0 2, 100 52. 4 60. 4 
16 4.6 5. 3 240 We Th 20. 4 2, 200 HOA e 61. 8 
17 4.7 5. 4 250 18. 1 20. 8 2, 300 54. 9 63. 2 
18 4.9 5. 6 260 18. 4 21. 2 2, 400 56. 0 64. 5 
19 5. 0 5.7 270 18. 8 21.6 2, 500 SL Ps 65. 8 
20 5. 1 5. 9 280 19.1 22. 0 2, 600 58. 3 67. 2 
21 Sine, 6. 0 290 19. 5 22. 4 2, 700 59. 4 68. 4 
22 5.4 6. 2 300 19. 8 22. 8 2, 800 60. 5 69. 7 
23 5. 5 6.3 310 20. 1 23. 2 2, 900 61. 6 70.9 
24 5. 6 6. 5 320 20. 5 23. 6 3, 000 62. 7 72.1 
25 ly, 6. 6 330 20. 8 23. 9 3, 100 63. 7 13.3 
26 5. 8 6. 7 340 Dalle Wk 24. 3 3, 200 64. 7 74. 5 
27 5. 9 6. 8 350 21.4 24. 6 3, 300 Goma (OaG 
28 6. 1 7.0 360 Ale, TF 25. 0 3, 400 66. 7 76. 8 
29 6.2 te 370 22. 0 25. 3 3, 500 67. 7 77.9 
30 6.3 % 2 380 22. 3 25.7 3, 600 68. 6 79. 0 
31 6. 4 7.3 390 22. 6 26. 0 3, 700 69. 6 80. 1 
32 6. 5 7.5 400 22.9 26. 3 3, 800 70. 5 81. 2 
33 6. 6 7. 6 410 23, 2 26. 7 3, 900 a 82. 2 
34 6. 7 Tate 420 23. 4 27.0 4, 000 72. 4 83. 3 
35 6. 8 7.8 430 23.7 23 4, 100 13.3 > 84.3 
36 6. 9 7.9 440 24. 0 27. 6 4, 200 74, 1 85. 4 
37 7.0 8. 0 450 24. 3 27.9 4, 300 75. 0 86. 4 
38 thal 8.1 460 24. 5 28. 2 4, 400 75. 9 87. 4 
39 Wonk 8. 2 470 24. 8 28. 6 4, 500 76. 7 88. 3 
40 ome 8. 3 480 2541 28. 9 4, 600 77. 6 89. 3 
41 1.3 8. 4 490 25. 3 29. 2 4, 700 78. 4 90. 3 
42 ae 8. 5 500 25. 6 29. 4 4, 800 79. 3 91.2 
43 (ho 8. 6 520 26. 1 30. 0 4, 900 80. 1 92. 2 
44 (a0 SHA 540 26. 6 30. 6 5, 000 80. 9 93. 1 
45 = Nbt-7 8.8 560 Q7h1 tats? 6, 000 88.6 | 102.0 
46 7.8 8.9 580 27. 6 31. 7 7, 000 95. 7 110. 2 
47 7. 8 9. 0 600 28. 0 32. 3 8, 000 102. 3 117. 8 
48 7.9 9, 1 620 28. 5 32. 8 9, 000 108. 5 124. 9 
49 8. 0 9. 2 640 28. 9 33. 3 10, 000 114. 4 131. 7 
50 8.1 9. 3 660 29. 4 33. 8 15, 000 140. 1 161. 3 
55 8.5 9.8 680 29.8 | 34.3 20, 000 161. 8 186. 3 
60 8. 9 10. 2 700 30. 3 34. 8 25, 000 180. 9 208. 2 
65 9. 2 10. 6 720 30. 7 35. 3 360, 000 198. 1 228. 1 
70 9. 6 11.0 740 31. 1 35. 8 35, 000 214.0 246. 4 
75 9. 9 1h 4 760 31. 5 36. 3 40, 000 228. 8 2638. 4 
80 10. 2 11.8 780 31.9 36. 8 45, 000 242, 7 279. 4 
85 10. 5 12, 1 800 32. 4 Stee 50, 000 255. 8 294. 5 
90 10. 9 1 820 32. 8 ails if 60, 000 280. 2 322. 6 
95 LZ 12. 8 840 33. 2 38. 2 70, 000 302. 7 348. 4 
100 eA: 13..2 860 33. 5 38. 6 80, 000 323. 6 372. 5 
105 Ih S75 880 33. 9 39. 1 90, 000 343. 2 395. 1 
110 12.0 13. 8 900 34. 3 39. 5 100, 000 361. 8 416. 5 
115 Id, 3 14.1 920 34. 7 39. 9 200, 000 511.6 589. 0 
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TABLE 9 


Distance by Vertical Angle 


Difference in feet between height of object and height of eye of observer 


90 180 


Miles i i ile i i i Miles 
1 72 11 51 89 26 99) 7. 68 
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TABLE 9 


Distance by Vertical Angle 


Difference in feet between height of object and height of eye of observer 


1,000 | 1,200 
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TABLE 9 


Distance by Vertical Angle 
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TABLE 9 


Distance by Vertical Angle 


Difference in feet between height of object and height of eye of observer 
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TABLE 9 


Distance by Vertical Angle 


Difference in feet between height of object and height of eye of observer 
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Angle Angle 
6,800 | 7,000 | 7,500 | 8,000 | 8,500 | 9,000 | 9,500 | 10,000 | 10,500 | 11,000 | 11,500 | 12,000 
Shs Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles oe. 
0 10 84. 3} 85. 7} 89. 0} 92. 3) 95. 5) 98. 5/101. 5/104. 4/107. 3/110. 1/112. 8/115. 4 0 10 
0 11 83. 3] 84. 6} 88. 0] 91. 3} 94. 4) 97. 5)100. 5)103. 4/106. 2/109. O)111. 7114. 4 @ Al 
0 12 82. 2} 83. 6] 87. 0} 90. 2} 93. 4) 96. 5) 99. 4/102. 4/105. 2/108. 0)110. 7/113. 3 0 12 
0 13 81. 2} 82. 6) 86. 0} 89. 2) 92. 4) 95. 4) 98. 4/101. 3)/104. 2/106. 9/109. 6/112. 3 0 13 
0 14 80. 3} 81. 6} 85. 0} 88. 2) 91. 4) 94. 4) 97. 4/100. 3/103. 1/105. 9/108. 6/111. 2 O 14 
0 15 79. 3| 80. 7} 84. 0} 87. 2} 90. 4) 93. 4) 96. 4) 99. 3)102. 1/104. 9/107. 6/110. 2 0 15 
0 20 74. 6| 76. 0) 79. 3} 82. 5) 85. 6] 88. 6} 91. 5} 94. 4) 97. 2/100. 0/102. 6/105. 3 0 20 
0 25 70. 3) 71. 6) 74. 9} 78. 0) 81. 1) 84 1] 87. 0} 89. 8) 92. 6) 95. 3) 98. 0/100. 6 0 25 
0 30 66. 3} 67. 6| 70. 8| 73. 9| 76. 9} 79. 9} 82. 7) 85. 5) 88. 2} 90. 9) 93. 5) 96.1 0 30 
0 35 62. 6| 63. 9} 67. 0} 70. 0) 73. 0} 75. 9| 78. 7) 81. 5) 84. 2} 86. 8) 89. 4) 91.9 0 35 
0 40 59. 2} 60. 4) 63. 5| 66. 5| 69. 4) 72. 2) 75. 0} 77. 7) 80. 3) 82. 9) 85. 5| 88. 0 0 40 
0 45 56. 0| 57. 2| 60. 2} 63. 1] 66. 0} 68. 7| 71. 5) 74. 1) 76. 7) 79. 3) 81. 8] 84. 2 0 45 
0 50 53. 1| 54. 3) 57. 2| 60. 0} 62. 8| 65. 5) 68. 2] 70. 8) 73. 3) 75. 8) 78. 3) 80. 7 0 50 
0 55 50. 4| 51. 6] 54. 4] 57. 2} 59. 9| 62. 5| 65. 1} 67. 7| 70. 2) 72. 6) 75. 0) 77. 4 0 55 
1 00 47. 9) 49. 0} 51. 8| 54. 5) 57. 1] 59. 7| 62. 3) 64. 7| 67. 2| 69. 6) 72. 0) 74. 3) 1 00 
jk) 43. 5| 44. 6| 47. 2| 49. 7| 52. 2) 54. 7) 57. 1) 59. 5] 61. 8) 64. 1] 66. 3) 68. 6 1 10 
1 20 39. 7| 40. 7| 43. 2| 45. 6) 48. 0] 50. 3} 52. 6) 54. 8] 57. 0) 59. 2) 61. 4) 63.5 1 20 
1 30 36. 5| 37. 4| 39. 7] 42. 0] 44. 2) 46. 4) 48. 6) 50. 8} 52.9) 55.0] 57. 0) 59. 0 1 30 
1 40 33. 7| 34. 6] 36. 7| 38. 9] 41. 0} 43. 1) 45. 1) 47. 2) 49. 2) 51. 2) 53.1) 55.1 1 40 
1.50 31. 2} 32. 0| 34. 1) 36. 1) 38. 1] 40. 1) 42. 1) 44.0) 45. 9) 47. 8) 49. 7) 51.5 1 50 
2 00 29. 1| 29. 9| 31. 8] 33. 7| 35. 6} 37. 5| 39. 3) 41. 2) 43. 0) 44. 8) 46. 6) 48.3 2 00 
2 15 26. 3| 27. 0] 28. 8| 30. 6| 32. 3} 34. 1) 35. 8} 37. 5] 39. 2) 40. 9) 42. 5) 44. 2 2-15 
2 30 24. 0| 24. 7] 26. 3] 28. 0] 29. 6) 31. 2| 32. 8) 34. 4| 35. 9) 37. 5| 39. 1) 40. 6 2 30 
2 45 22. 1| 22. 7| 24. 2) 25. 7| 27. 2) 28. 7| 30. 2| 31. 7} 33. 2) 34. 6) 36. 1} 37. 5 2 45 
3 00 20. 4| 21. 0] 22. 4) 23. 8] 25. 2} 26. 6) 28. 0) 29. 4) 30. 8) 32. 1) 33. 5) 34.8 3 00 
3 20 18. 5| 19. 0} 20. 3/ 21. 6) 22. 9| 24. 2) 25. 5) 26. 7| 28. 0| 29. 3) 30. 5) 31.8 3 20 
3 40 16. 9] 17. 4] 18. 7| 19. 8] 21. 0} 22. 2) 23. 4) 24. 5} 25. 7| 26.9) 28. 0) 29. 2 3 40 
4 00 15. 6| 16. 0} 17. 1] 18. 2} 19. 3) 20. 4] 21. 5) 22. 6) 23. 7| 24. 8) 25. 9) 27. 0 4 00 
4 20 14. 4| 14, 8] 15. 9] 16. 9] 17. 9} 19. 0} 20. 0) 21. 0} 22. 0) 23. 0} 24. 0) 25. 0 4 20 
4 40 13. 4] 13. 8| 14. 8} 15. 8] 16. 7] 17. 7] 18-6] 19. 6) 20. 5| 21. 5} 22. 4) 23. 4 4 40 
5 00 12. 6| 12. 9} 13. 8| 14. 7] 15. 6) 16. 5) 17. 4) 18. 3) 19. 2) 20. 1) 21.0} 21.9 5 00 
5 20 11. 8| 12. 1) 13. 0] 13. 9] 14. 7| 15. 5) 16. 4) 17. 2} 18.1) 18.9) 19. 8) 20. 6 5 20 
5 40 11. 1) 11, 4} 12, 3] 13. 1) 13. 9) 14. 7) 15. 5) 16. 3) 17.1) 17.9) 18.6) 19. 4 5 40 
6 00 10. 5| 10. 8| 11. 6] 12. 3) 13. 1] 13. 9} 14. 6) 15. 4] 16.1) 16. 9) 17. 6) 18.4 6 00 
6 20 10. 0| 10. 3] 11. 0) 11. 7] 12. 4] 13. 2) 13. 9) 14. 6) 15. 3) 16.0) 16. 7) 17.5 6 20 
6 40 9.5| 9.8] 10, 4| 11. 1) 11. 8] 12. 5} 13. 2] 13. 9) 14. 6) 15. 2) 15. 9) 16.6 6 40 
7 00 9.0| 9.3] 10.0] 10. 6 11. 3] 11. 9} 12. 6) 13. 2} 13.9) 14. 5) 15. 2) 15.8 7 00 
i 20 8.6 8.9} 9.5] 10. 1] 10. 8] 11. 4) 12.0} 12. 6) 13. 3) 13.9) 14.5) 15.1 7 20 
7 40 8.3) 85) 9.1] 9.7] 10. 3) 10. 9} 11.5) 12.1) 12.7) 13.3) 13.9) 14.5 7 40 
8 00 79 8.11 8.7] 9.3) 9.9) 10.4] 11.0) 11. 6) 12. 2) 12. 7) 13.3) 13.9 8 00 
8 20 76 7.8 8 4| 8 9] 9.5) 10.0) 10.6 11.1) 11.7) 12.2) 12.8) 13.3 8 20 
8 40 7.31 7.5) 80! 8 6 9.1) 9.6} 10.2) 10.7) 11.2) 11. 8) 12.3) 12.8 8 40 
9 00 70 67.2) 7.7) 83} & 8 9.3} 9.8 10.3) 10.8) 11.3) 11.8) 12.3 9 00 
9 30 6.71 6.91 7.3) 7.8) 83) 88 9.3) 9.8 10.3)10. 7 11.2 ae 7 9 30 
10 00 6 3} OhSh 2720) +. 724h) 7 Ore & 4) 8.8) 29.3) 9/7/7102) 10. 7a 1 10 00 
10 30 6.0) 1Gnel Lor6) Leth) 75508 7.9) TSAI e8. 8) 943) 9..7) 10. 1 10. 6 10 30 
11 00 5 Tie STO 16. 3)-£ 6, 7) 1 72a 7% 6) ESO #8: 4) (8x8) O13 9. 7; 10. 1f 11 00 
11 30 Bales 1600.16) 4) 648i mal SAG) eS; 0} 18.25)" 848 9.3) 9.7] 11 30 
12 00 Sle Sate aoe Sin Gs 2 64Ghe G9! U3 be 4] 7 8.51i-) 8.49 8. 9} 9. 2) 12 00 
12 30 REO seo) BoeGl & 5, Ou O.sla Gil 0a Ol ov 41> 748) > Sal 8.5) 8. 9f 12 30 
13 00 A oh Se Oh bbe ols 5! 70 6L0)8 6.4) 267 e% 1) 7k 7.8 8.2) 8. 5) 13 00 
13 30 16) 1 4S), bee SB: BNO BASS 6.1) CS SP TG, S742) 7.85) 87.9 8. 2] 13 30 
14 00 45 Bh F459) 1-50 0 SLOP! SO). 56. 2) 68 619) 7.02 7.6| 7.91 14 00 
14 30 4 Si aba) F4hSI8 5. 1/0 SL40e BT} 1G OW 16, 3) 6.7 7.0| 7.3) 7.6] 14 30 
15 00 A Ole Aes b4h6\ 8 4 Ole bagia 01 |, co. Sl boy Ly 6c4 6. 7| 7.0| 7. 3] 15 00 
16 00 39 40 43) 4.6 49) 5.2) 5.4 5.7) 6.0 6.3} 6.6) 6.9% 16 00 
17 00 37 3°s| 4610 4.3) 4.6) 48) 5.1) 5.4) 5.6 5. 9| 6.2) 6.51 17 00 
18 00 Sal sel P9814 4) 108 45205 45) 4.8) 6. 1. 5S 5.6} 5.8] 6. 1f 18 00 
19 00 3.21 3.3] 3.6 3.8) 41) 43) 45) 48) 50) 5.2 5, 5065. 7 19 .00 
20 00 311 3.2) 3.4) 3.6 38) 41) 43) 45 4.7| 5.0] 5.2) 5.47 20 00 
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TABLE 10 
Direction and Speed of True Wind in Units of Ship’s Speed 
Apparent Difference between the heading and apparent wind direction Apparent 
wind specd wind speed 


SOON) POwWNN/ He EER SSSoSSolooS SS 
SOOSSSCOWMOMNOUMS SONA RWNHOlOMmNS Hs PwWNH © 
CHNSOABwWwNUNEH/ SSDS S|SSSSS|oOSSOSSlOoOSSOOn 
CHNSUAwWWNNEH/SSSSS|CSSSS|lSSOSSSlOoOSS OH 
CHONMAUPW WME HE SSSS|SSOSSS|SOOOS|SOSOOM 
OHKNOMAWWNMNE HE EOSSlSOSSSSl|SoSSoS|oSoSOn 
PHONAMPWONNE HEE SlSOSSSSloSSoS|SOOOOM 
SOONOO ARO WONMN/ SHEE EE eloSoSooS|loooSS 


SOSSSSOWMSMOMNSOWNMBWAUPWNHOlOWDNRMaPRwnmHo 


— 
_ 


50° 60° 70° 80° 90° 
0.0 180 1. 00 | 180 1. 00 | 180 1.00 | 180 1. 00 | 180 1. 00 0.0 
0.1 175 0.94 | 175 0.95 | 174 0. 97 | 174 0.99 | 174 1. 00 0.1 
0. 2 170 0. 88 | 169 0. 92 | 169 0.95 | 168 0.99 | 169 1. 02 0. 2 
0.3 164 0. 84 | 163 0. 89 | 163 0.94 | 163 0.99 | 163 1. 04 0. 3 
0. 4 158 0. 80 | 157 0. 87 | 156 0.94 | 157 1.01 | 158 1. 08 0. 4 
0.5 151 0. 78 | 150 0. 87 | 150 0.95 |. 152 1. 04 | 153 1. 12 0.5 
0. 6 143 0. 77 | 143 0. 87 | 145 0. 97 |) 147 1. 07 | 149 SAG 0. 6 
0.7 136 | 0.77 | 137 0. 89 | 139 1.01 } 142 1.12 | 145 1. 22 0. 7 
0. 8 128 0.78 | 131 0. 92 | 134 1.05 | 138 1.17 | 141 1. 28 0. 8 
0. 9 121 0. 81 | 125 0.95 | 129 1.09 | 134 1. 22 | 138 1. 35_ 0. 9 
1.0 115 0. 85 | 120 1.00 | 125 1.15 | 130 1, 29 | 135 1. 41 1.0 
ges! 109 0. 89 | 115 1.05 | 121 1. 21 | 127 1.35 | 132 1. 49 ei 
1, 2 104 0.95 | 111 It p18 1. 27 | 124 1. 42 | 130 1. 56 1.2 
1.3 99 1.01 | 107 1.18 | 114 1. 34 | 121 1. 50 | 128 1. 64 1.3 
1. 4 95 1.08 | 104 1. 25 | 112 1. 42 | 119 1. 57 | 126 1. 72 1. 4 
1.5 92 1.15 | 101 1. 32 | 109 1.49 | 117 1.65 | 124 1. 80 1.5 
1.6 89 1, 23 98 1. 40 | 107 1. 57 | 115 1.73 | 122 1. 89 1.6 
ee, 86 1. 31 96 1.48 | 105 1.65 | 113 1. 82 | 120 od 1.7 
1.8 84 1. 39 94 1. 56 | 103 1.73 | 111 1.90 | 119 2. 06 1.8 
1:9 81 1. 47 92 1.65 | 101 1. 82 | 110 1.99 | 118 2.15 9 
2. 0 79 1. 56 90 1.73 | 100 1.91 | 108 2.07 | 117 2, 24 2.0 
2. 5 72 2. 01 83 2. 18 94 2. 35 | 103 2. 53 | 112 2. 69 2.5 
3. 0 68 2. 48 79 2. 65 89 2. 82 99 2.99 | 108 3. 16 3. 0 
3. 5 65 2. 96 76 3. 12 87 3. 29 96 3. 47 | 106 3. 64 3. 5 
4.0 63 | 3. 44 74 3. 61 84 3. 78 94 3. 95 | 104 4.12 4.0 
4, 61 3. 93 72 £09 }es3 4, 26 93 4.44 | 103 4. 61 4.5 
5. 0 60 4, 42 71 4. 58 81 4,75 92 4.93 | 101 5. 10 5. 0 
6. 0 58 5. 41 69 5. 57 79 5. 74 90 5. 91 99 6. 08 6. 0 
7.0 57 6. 40 68 6. 56 78 6. 72 88 6. 90 98 7. 07 @o 
8. 0 56 7. 40 67 7. 55 77 7. 72 87 7. 89 97 8. 06 8. 0 
9. 0 55 8. 39 66 8. 54 76 8. 71 86 8. 88 96 9. 06 9. 0 
10. 0 55 9. 39 65 9. 54 76 9. 70 86 9. 88 96 | 10.01 10. 0 
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TABLE 10 
Direction and Speed of True Wind in Units of Ship’s Speed 


Difference between the heading and apparent wind direction 


Apparent A 
wind speed 100° 110° 120° 130° wind speed 
0. 0 180 | 1.00} 180) 1.00] 180} 1 1.00 | 180 | 1.00 0.0 
0.1 P7420 LOOP] heZAsalgeal 02. [alee 1.05 | 176 | 1.07 (0), il 
0. 2 169 | 1.02]169/) 1.05]170| 1 ih lat [pete |) tie le Oh: 
0.3 163 | 1.04] 164; 1.09] 166] 1 ih, 134) 1G) |) ga 0.3 
0. 4 158 | 1.08] 160 | 1.14] 162| 1 1.25] 166] 1.29 0. 4 
0.5 TSS lodonl ThGin de LOrielssi 1.32 | 164) 1.38 0.5 
0. 6 T4OwN) de7 eke jemi 25s iwels salen 1 1.40 | 162 | 1.46 0. 6 
0.7 Tes | Le} | Ts OTR B29 | a1) || ol 1.48 | 160 | 1.55 0.7 
0.8 141 1.28] 145 | 1.38] 149) 1 1.56] 158 | 1. 63 0.8 
0.9 138) 0 1485) | 9143) | Sa4enh 1475) All 1.65 } 156 | 1.72 0.9 
1.0 T35n le eA 140" ale baer l4o: had 1973) [US Sn iee lest 1.0 
1.1 132 | 1.49] 138 | 1.61] 143] 1 1.82] 154 | 1.90 1a 
2 130} 1.56] 136] 1.69 | 141 1 1.91 | 153 | 2.00 1.2 
ites 128 | 1.64]134] 1.77] 140] 1 2.00 | 152 | 2.09 193 
1,4 126 | 1.72 ]132| 1.86] 138] 1 2.09 | 151 | 2.18 1.4 
1.5 1245/7 1880) | 180") 104 [187-42 2.181 150/ 2.28 105 
1.6 122 | 1.89] 129) 203] 136| 2 2,27 | 149 | 2.37 1.6 
iy TIOLIO UHOTE) A128) Me. Ve shal) £2 2.361148 | 2. 46 17 
1.8 T1029 QhOG) | 27) | AIT 1340) 2 2.46 | 147 | 2.56 1.8 
i) £18) 5) | 25) | 2NZ0N) 18380 2 2.55 | 147 | 2. 66 1.9 
2.0 Al SPL PZ Res Sys eo 2.65 | 146 | 2.75 2.0 
2.5 112 | 2.69] 120] 2.857128] 2 $12 19144. 193! 23 2.5 
3.0 108 | 3.16] 117 | 3.32] 126) 3 Sy Gis lel 42) leeoese 3.0 
Sis 106 | 3.64] 115 | 3.80] 124) 3 4,091 140] 4 21 3.5 
4.0 104} 4.12] 113 | 4.29] 122) 4 4,58] 1389 | 4 71 4.0 
4.5 1037 | 4261) | 12) | 4078] 1218 4 5.07 | 138 | 5. 20 4.5 
5. 0 LOM (O) SULONN 11h) 1 5A2 771208 *5, 5.57 | 138 | 5. 69 5. 0 
6. 0 99 | 6.08] 109} 6.254}118| 6 6.56 | 137 | 6. 69 6. 0 
7.0 98) |) 7% 10711 08) | 37.1249) 17a) 27 7.55 1 136 | 7. 68 7.0 
8.0 97 | 8.06] 107| 8 23]116| 8 8.541135] 8.68 8.0 
9.0 96 | 9.06] 106} 9.23] 116] 9 9.54] 135 | 9. 67 9.0 
10. 0 0. 10. 22 | 115 | 10 10. 54 10. 67 10. 0 


0. 0 180 1. 00 | 180 1. 00 | 180 ile 1. 00 | 180 1. 00 0. 0 
OF 177 1.08 | 177 1.09 | 178 il 1.10 } 180 1. 10 Om 
0. 2 174 1.16 | 175 ie tesa) F kee 1. 1. 20 | 180 1. 20 0. 2 
0. 3 171 1. 24 | 173 1.27 | 175 Ae 1. 30 | 180 1. 30 0. 3 
0. 4 169 1. 33 | 172 1. 36 | 174 1 1. 40 | 180 1. 40 0. 4 
0.5 167 1. 42 | 170 1.45 | 173 Is 1. 50 | 180 1. 50 0.5 
0. 6 165 1. 51 | 169 1.55 | 173 i 1. 60 | 180 1. 60 0. 6 
ORT 164 1. 60 | 168 1. 64 | 172 i 1. 69 | 180 1. 70 O27 
0. 8 162 1. 69 | 167 1. 74 | 171 i. 1.79 } 180 1. 80 0. 8 
0.9 161 1. 79 | 166 1. 84 | 171 ilp 1. 89 | 180 1. 90 0. 9 
10 160 1. 88 | 165 1. 93 | 170 1 1.99 | 180 2. 00 1.0 
I>1 159 1.97 | 164 2. 03 | 170 2. 2. 09 | 180 2. 10 lee il 
24 158 2. 07 | 164 2.13 | 169 2. 2.19 | 180 2. 20 1. 2 
U8 157 2.16 | 163 2. 22 | 169 2. 2. 29 | 180 2. 30 1.3 
1. 4 157 2. 26 | 162 2. 32 | 168 2. 2. 39 | 180 2. 40 1. 4 
‘feed ES 2. 36 | 162 2.42 | 168 2. 2.49 | 180 2. 50 1.5 
1.6 155 2.45 | 161 2.52 | 168 2. 2.59 | 180 2. 60 1. 6 
Lee7. 155 2.55 | 161 2.61 | 167 2. 2. 69 | 180 2. 70 eae 
1.8 154 2.65 | 161 2. 710A 167 2. 2.79 | 180 2. 80 1.8 
1) 154 2.74 | 160 2. 81 | 167 2. 2.89 | 180 | 2. 90 oe) 
2. 0 153 2. 84 | 160 2.91 | 167 2. 2.99 | 180 3. 00 2. 0 
2.5 151 3. 33 | 158 3. 40 | 166 3. 3. 49 | 180 3. 50 2.5 
3. 0 150 3. 82 | 157 3.90 | 165 3. 3. 99 | 180 4. 00 3. 0 
3.5 149 4, 31 | 157 4.39 | 164 4. 4,49 | 180 4, 50 3. 5 
4. 0 148 4. 81 | 156 4. 89 | 164 4, § __ 4.99 | 180 __ 5. 00 4,0 
4.5 147 5. 31 | 155 5. 39 | 164 | 35. 5. 49 | 180 5. 50 4.5 
5. 0 146 5. 80 | 155 5. 89 | 168 5. 5. 99 | 180 6. 00 5. 0 
6. 0 145 6. 80 | 154 6. 88 | 163 6. 6.99 | 180 7. 00 6. 0 
0 145 7. 79 | 154 7. 88 | 162 G 7.99 | 180 8. 00 7. 0 
8. 0 144 8. 79 | 153 8. 88 | 162 8. 8. 99 | 180 9. 00 8. 0 
9. 0 144 9. 79 | 153 9. 88 | 162 oes 9.99 | 180 | 10. 00 9. 0 
10. 0 10. 78 | 153 | 10. 88 LOM 10. 98 | 180 | 11. 00 10. 0 
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TABLE 11 


Correction of Barometer Reading for Height Above Sea Level 


All barometers. All values positive. 


Outside temperature in degrees Fahrenheit 
Height 


teene in feet 


in feet 


20° 


50° 


60° 


70° 


80° 


90° 


Inches 


Inches 


Inches 


Inches 


Inches 


Inches 


— 
SSSsslSssssslSsssssisssssissesoe 
(=) 


Ssssslsssssisssssisssssissess 


SSSSs|SsSSsslSssssisssseisssos 
SeSssissssslssssssssssisesses 


Soessisssss|seessisssssisesss 
i=) 


SSSSSlSsSssslSsessslsssssisesses 
SeSessisssss/Ssssssisossssisessss 


TABLE 12 


Correction of Barometer Reading for Gravity 


Ssessisssss|sesssissessiessss 


SSsss|sssss|sssssisssssisesess 


Mercurial barometers only. 


Peess|Sessss|Ssssssisssssisssss 


Sesess|Sssss|Ssssssissssslsssss 


Sessss|sssssisssesissssssesesoe 


Latitude Correction Latitude Correction Latitude Correction Latitude Correction 
o Inches 2 Inches o Inches y Inches 
0 —0. 08 25 —0. 05 50 +0. 01 75 +0. 07 
5 —0. 08 30 —0. 04 55 +0. 03 80 +0. 07 
10 —0. 08 35 —0. 03 60 +0. 04 85 +0. 08 
15 —0. 07 40 — 0. 02 65 +0. 05 90 +0. 08 
20 —0. 06 45 0. 00 70 +0. 06 
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TABLE 13 


Correction of Barometer Reading for Temperature 
Mercurial barometers only. 


Height of barometer in inches 


ae 
27.5 28. 0 28. 5 29. 0 29. 5 30. 0 30. 5 31.0 
Inches Inches Inches Inches Inches Inches Inches Inches e 
+0.12 |} +0.12 | +0.13 |} +0.13 | +0.13 | +0.18 | +014 | +0. 14 — 20 
0. 12 0. 12 0. 12 0. 12 0. 13 0. 13 0. 13 0. 13 18 
0. 11 0. 11 0. 12 0. 12 0. 12 0. 12 0. 12 0. 13 16 
0. 11 0. 11 0. 11 0. 11 0. 11 0. 12 0. 12 0. 12 14 
0. 10 0. 10 0. 11 0. 11 0. 11 0. 11 0. 11 0. 11 12 
+0.10 | +0.10 | +0.10} +0.10 | +0.10} +0.11 | +011 | +0. 11 —10 
0. 09 0. 09 0. 10 0. 10 0. 10 0. 10 0. 10 0. 10 8 
0. 09 0. 09 0. 09 0. 09 0. 09 0. 09 0. 10 0. 10 6 
0. 08 0. 08 0. 08 0. 09 0. 09 0. 09 0. 09 0. 09 4 
0. 08 0. 08 0. 08 0. 08 0. 08 0. 08 0. 09 0. 09 —2 
+0.07 | +0.07 | +0.07 | +0.08 | +0.08 | +0.08 | +0.08 | +0. 08 0 
0. 07 0. 07 0. 07 0. 07 0. 07 0. 07 0. 07 0. 08 +2 
0. 06 0. 06 0. 06 0. 07 0. 07 0. 07 0. 07 0. 07 4 
0. 06 0. 06 0. 06 0. 06 0. 06 0. 06 0. 06 0. 06 6 
0. 05 0. 05 0. 05 0. 05 0. 06 0. 06 0. 06 0. 06 8 
+0.05 | +0.05 | +0.05 |} +0.05 | +0.05 | +0.05 | +0.05 | +0. 05 +10 
0. 04 0. 04 0. 04 0. 04 0. 04 0. 05 0. 05 0. 05 12 
0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 14 
0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 04 16 
0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 0. 03 18 
+0. 02 | +0. 02 | +0. 02 | +0. 02 | +0. 02 | +0.02 | +0.02 | +0.02]7 +20 
0..02 0. 02 0. 02 0. 02 0. 02 0. 02 0. 02 0. 02 22 
0. 01 0. 01 0. 01 0. O01 0. O1 0. 01 0. 01 0. 01 24 
+0.01 | +0.01 | +0.01 | +0.01 | +0.01 | +0.01 | +0.01 | +0.01 26 
0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 28 
0.00! 0.00|/ 0.00| 0.00| 0.00| 0.00; 000) 0007 +30 
—0.01 | —0.01 | —0.01 | —0.01 | —0.01 | —0.01 | —0.01 | —0. 01 32 
0. O01 0. 01 0. 01 0. O1 0. 01 0. O1 0. O1 0. 02 34 
0. 02 0. 02 0. 02 0. 02 0. 02 0. 02 0. 02 0. 02 36 
0. 02 0. 02 0. 02 0. 02 0. 03 0. 03 0. 03 0. 03 38 
—0.03 | —0.03 | —0. 03 | —0.03 | —0.03 | —0.03 | —0.03 | —0. 03] +40 
0. 03 0. 03 0. 03 0. 04 0. 04 0. 04 0. 04 0. 04 42 
0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 0. 04 44 
0. 04 0. 04 0. 04 0. 05 0. 05 0. 05 0. 05 0. 05 46 
0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 0. 05 48 
—0.05 | —0.05 | —0.06 | —0.06 | —0.06 | —0.06 | —0.06 | —0.06] +50 
0. 06 0. 06 0. 06 0. 06 0. 06 0. 06 0. 06 0. 07 52 
0. 06 0. 06 0. 07 0. 07 0. 07 0. 07 0. 07 0. 07 54 
0. 07 0. 07 0. 07 0. 07 0. 07 0. 07 0. 08 0. 08 56 
0. 07 0. 07 0. 08 0. 08 0. 08 0. 08 0. 08 0. 08 58 
—0.08 | —0.08 | —0.08 | —0.08 | —0.08 | —0.09 | —0.09 | —0. 09 +60 
0. 08 0. 08 0. 09 0. 09 0. 09 0. 09 0. 09 0. 09 62 
0. 09 0. 09 0. 09 0. 09 0. 09 0. 10 0. 10 0. 10 64 
0. 09 0. 09 0. 10 0. 10 0. 10 0. 10 0. 10 0. 10 66 
0. 10 0. 10 0. 10 0. 10 0. 11 0. 11 0. 11 0. 11 68 
—0.10 | —0.10 |} —0.11 | —0.11 | —0.11 | —0.11 | —0.11 | —0. 12 +70 
0. 11 0. 11 0. 11 0. 11 0. 12 0. 12 0. 12 0. 12 72 
0. 11 0. 11 0. 12 0. 12 0. 12 0. 12 0. 13 0. 13 74 
0. 12 0. 12 0. 12 0. 12 0. 13 0. 13 0. 13 0. 13 76 
0. 12 0. 12 0. 13 0. 13 0. 13 0. 13 0. 14 0. 14 78 
=0.13 | —013 | —0.13 | ~0. 13) =—0.14 | —0.14 | —O 14) -—0.14] +80 
0. 13 0. 14 0. 14 0. 14 0. 14 0. 14 0. 15 0. 15 82 
0. 14 0. 14 0. 14 0. 15 0. 15 0. 15 0. 15 0. 16 84 
0. 14 0. 15 0. 15 0. 15 0. 15 0. 16 0. 16 0. 16 86 
0. 15 0. 15 0. 15 0. 16 0. 16 0. 16 0. 16 0.17 88 
—0.15 | —0.16 | —0 16 | —0.16| —0.16 | —0.17| —0.17) —0.17] +90 
0. 16 0. 16 0. 16 0. 17 0; aly 0. 17 0. 17 0. 18 92 
0. 16 0.17 (Oy ile 0. 17 0. 17 0. 18 0. 18 0. 18 94 
0. 17 0. 17 0. 17 0. 18 0. 18 0. 18 0. 19 0. 19 96 
0. 17 0. 18 0. 18 0. 18 0. 18 0. 19 0. 19 0. 19 98 
0. 18 0./18 0. 18 0. 19 0. 19 0. 19 0. 20 0. 20 100 
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TABLE 14 


Conversion Table for Millibars, Inches of Mercury, and Millimeters of Mercury 


Millibars Inches Millimeters Millibars Inches Millimeters Millibars Millimeters 


1020 L 765. 
1021 
1022 
1023 
1024 


1025 
1026 
1027 
1028 
1029 


1030 
1031 
1032 
1033 
1034 


1035 
1036 
1037 
1038 
1039 


1040 
1041 
1042 
1043 
1044 


1045 
1046 
1047 
1048 
1049 


1050 
1051 
1052 
1053 
1054 


1055 
1056 
1057 
1058 
1059 


1060 
1061 
1062 
1063 
1064 


1065 
1066 
1067 
1068 
1069 
1070 
1071 
1072 
1073 


720. 


Pet 
no 
i=) 
~J 
jor) 
on 


02 D>. #09) G2 00 H+ 9 D>] OO + G9 D> 00] H+ G9 CR.OO H+] 9 > OC Re G9] D> 00 H+ G9 D2] CO + 29 G> 00] HEC. >.00 4! C9 G2 OC HH 9] > 00 C9 Ga| CO 9 Cn 00/4 OD ED CO 
FOS D2 00 + G9! C2 00 + C9 D2] CO WI DOO] HW ROH/ WOO WIDOHWO OHWoolHwoorH WHO WI DOH WO Co 69 R00 ee 58 


TABLE 15 
Conversion Tables for Thermometer Scales 


F= Fahrenheit, C=Celsius (centigrade), K= Kelvin 
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—20 |—28.9 | 244.3 | +40 | +4.4 | 277.6 .0 + 7 | 2423-2 
19| 283] 244.8]|| 41] 5.0| 278.2 42 AD KO |, | 22.2 
18| 27.8| 245.4 || 42] 5.6 | 278.7 4 2 mM itt 1.2 
17 18272 (0246.99) 43 | | 16. 1111279. 3 6 4 nS |) 20.2 
16| 26.7| 2465 || 44] 6.7 | 279.8 8 i) MBit) 29.2 

—15 |—26.1 | 247.0 || +45 | +7. 2 | 280.4 -0 42 WY Trib 
14| 25.6] 247.6] 46| 7.8 | 280.9 a 2 (i 7.2 
13 | 25.0] 2482] 47] 83 | 281.5 4 2 m9 |} | 46.2 
12| 24.4| 2487] 48] 89 | 282.0 4 42 7 |b) 15.2 
11| 23.9| 249.3 || 49] 9.4 | 282.6 3.2 D3 8 |p) 42 

—10 |—23. 3 | 249.8 | +50 |+10. 0 | 283.2 -0 12 RS [Pestas2 
9| 22.8| 250.4 || 51| 10.6] 283.7 ue: 2 mi iP 229 
8| 22.2] 250.9]/ 52] 11.1 | 284.3 6 2 uO 1) W162 
Bie 21.67 | 251.5 |). 83 hail. 7)| 28458 4 2 a7 |b, 022 
6-14 21.1. | 252.0 | 5 54 |. 12. 2) | 285.4 22 iP 5 9. 2 
—5 |—20. 6 | 252.6 || +55 |+12. 8 | 285.9 -0 32 “3 [| 48.2 
4| 20.0| 253.2] 56| 13.3 | 286.5 9 8 12 sl 7.2 
3| 19.4 | 253.7] 57] 13.9 | 287.0 8 6 12 9 6.2 
2| 189] 254.3) 58| 14.4 | 287.6 (l .4 2 7 5.2 
i, 11 18.3, | 254. 8 lll 59 |_/15.0 | 288.2 6 oe £2 5 4, 2 
0 |—17.8 | 255.4 | +60 |+15. 6 | 288.7 || —5 a 2 7 if see 
ma |) 17.2)| 25559 les 61 {0 16. 14| 28953 |] 14 8 2 ra 2.2 
2| 16.7| 256.5) 62] 167| 2898]| 3 6 2 9 72 
3| 16.1 | 257.0] 63] 17.2] 290.4} 2 4 2 GT be 2072 
4| 15.6 | 257.6 || 64] 17.8 | 290.9 || —1 2 72 .5 | +0.8 
+5 |—15.0 | 258 2 | +65 |+18 3 | 291.5 0 -0 72 mil) sales 
6] 14.4] 2587 || 66] 189 | 292.0 }} +1 .8 12 ml 2.8 
7| 13.9| 259.3 || 67] 19.4 | 292.6 2 6 42 9 3. 8 
8| 13.3| 259.8 || 68] 20.0 | 293.2 3 7.4 12 7 4.8 
9| 12.8| 260.4 || 69 | 20.6 | 293.7 || 4 e 12 5 5.8 

+10 |—12. 2 | 260.9 || +70 |+21.1 | 294.3 || +5 0 12 81\) +608 
11] 11.7| 261.5 || 71] 21.7 | 294.8 6 8 42 wr 7.8 
12 | 11.1 | 2620]) 72] 22.2 | 295.4 7 6 2 9 8.8 
13| 10.6 | 262.6|| 73] 22.8 | 295.9 8 4 2 uv 9.8 
14| 10.0| 263.2 || 74] 23.3 | 296.5 9 2 2 Blt | HOS 

+15 | —9.4 | 263.7 || +75 |+23.9 | 297.0 0 12 .3 | +11.8 
16| 8 9| 264.3] 76| 24.4 | 297.6 8 7 ve |p) a2..8 
17| 83/2648] 77| 25.0 | 2982 6 42 WO |P 3.8 
18| 7.8| 265.4] 78| 25.6 | 298.7 4 2 wu | det. 8 
19| 7.2|265.9]| 79 | 26.1 | 299.3 so 42 .5 | 15.8 
+20 | —6.7 | 266.5 | +80 |+26.7 | 299.8 0 2 3 | +168 
21| 6.1] 267.0|| 81 | 27.2] 300.4 8 | 289. 2 a lt ay. 8 
22| 5.6| 267.6 || 82]| 27.8] 300.9 6 v2 uo |: 8. 8 
23| 5.0] 2682] 83] 283 | 301.5 4 42 uy It a9. 8 
24| 4.4] 2687 || 84] 28.9 | 302.0 2 {2 9.5 | 20.8 
+25 | —3.9 | 269.3 | +85 |+29.4 | 302.6 0 | 293.2 3 | +21.8 
26| 3.3/| 269.8]) 86] 30.0 | 303.2 8 12 Saul 122.8 
27| 2.8| 270.4 || 87] 30.6 | 303.7 6 43 oO ib 423.8 
28 | 2.2| 270.9] 88) 31.1 | 304.3 4 $2 a7 |} 24.8 
29| 1.7| 271.5 |) 89] 31.7 | 304.8 2 2 15 it. 25.8 
+30 | —1.1 | 272.0 || +90 |+32.2 | 305.4 0 Ae: .3 | +26.8 
31| 0.6] 272.6] 91] 32.8 | 305.9 8 | 299. 2 wl It O78 
32| 0.0| 273.2 || 92] 33.3 | 306.5 6 12 $10 |b | 28.8 
33 | +0.6 | 273.7) 93) 33.9 | 307.0 4 12 -7| 29.8 
34| 1.1] 274.3] 94] 34.4 | 307.6 2 2 .5 | 30.8 
+35 | +1.7 | 274.8 | +95 |+35.0 | 308.2 0 By: .3| +31.8 
36| 2.2| 275.4] 96] 35.6 | 3087 .8 12 Md |b 8208 
37| 2.8| 275.9] 97] 36.1] 309.3 6 2 49 |) 18808 
38 | 3.3| 276.5) 98] 36.7] 309.8 4 43 ay lt | 428 
39 | 3.9| 277.0] 99] 37.2 | 310.4 Se 2 .5| 35.8 
+40 | +4.4 | 277.6 |+100 |+37. 8 | 310.9 .0 12 .3 | +36. 8 
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TABLE 16 
Relative Humidity 


Difference between dry-bulb and wet-bulb temperatures 


Dry-bulb 
temp. 
F 


3° 4° 5° 6° ommhS on, Owe LOS eh 14° 


% % % % % % | % | % | % 


1267 


TABLE 16 
Relative Humidity 


Dey bald Difference between dry-bulb and wet-bulb temperatures Dry-bulb 


seme: temp. 
DOM MMIGGm cu PMSS || CLOF le OS Niet ee 8 Ae 2a 26° me2 To 1e282 e 


% % % % % % % “GW 96 |) Wa |) Sa | Ya We || ve . 


2 +46 

7 1 48 
10 5 +50 
14 9 4 52 
aly 12 7 3 54 
20 16 11 a 2 56 
23 19 14 10 6 2 58 
26 21 17 13 9 5 1 +60 
28 24 20 16 12 8 4 1 62 
30 26 22 i) 15 11 8 a 64 
32 29 25 21 17 14 10 7 4 66 
34 31 27 23 20 16 13 | 10 a 3 68 
36 33 29 26 22 19 ie} fe 9 6 3 +70 
38 34 31 28 24 21 18 | 15 | 12 9 6 3 72 
40 36 33 30 26 23 20 lide Lae aL 8 6 3 74 


Difference between dry-bulb and wet-bulb temperatures Dry-bulb 


29° | 30° | 31° | 32° | 33°'|' 34° | 35° | 36° |'37° | 38° | 39° | 40° | 41° | 42° 


% % % % % Jo % TN Se Wb en I Go Soe leo 


3 saihey 

5 3 +80 

ti 5 3 1 82 
10 7 5 3 1 84 
Vi 9 vl 5 3 al 86 
13 bial 9 tf 5 3 1 88 
15 13 11 9 if 5 3 1 +90 
17 15 ie 11 9 Us 5 3 i 92 
18 16 14 12 11 9 7 5 3 2 94 
20 18 16 14 12 10 9 rf 5 4 2 96 
2) 19 17 16 14 12 10 9 7 5 4 2 1 98 
P43) 21 19 17 15 14 L210 9 i 5 4 2 1 1+100 
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TABLE 17 
Dew Point 
Dry-buly Difference between dry-bulb and wet-bulb temperatures Dry-ball 

F a || "ge! ge. Peze Mae 1 ye Ht 1p? 11? = 
= 20 — 20 
¥ 18 
A 16 
Le 14 
= 12 
C 110) 
5 8 
é 6 
=o 3 
' =e 
i 0 
= 7 ahd 
i 4 
: 8 

10 
= ic +10 
14 i 
16 16 
18 18 

+20 
a +20 
24 a 
26 nF 
28 os 
28 

+30 
a +30 
34 oF 
36 Bs 
38 a 
+40 = 
49 +40 
44 me: 
46 a 
48 ve 
+50 = 
59 +50 
54 o 
56 >. 
58 2 
+ 60 75 
62 +60 
64 e 
66 KS 
68 a 
+70 2 
72 +70 
74 72 
76 74 
78 76 
+80 us 
82 +80 
84 82 
86 84 
88 86 
+90 = 
92 SZOU 
94 92 
96 94 
98 96 
+100 i 
+100 


TABLE 17 
Dew Point 


Difference between dry-bulb and wet-bulb temperatures 


LO Se Oe elt el Soe LOSS 20 2a MAC AS 232) 24 a5e 


° ° ° ° ° ° ° ° ° ° ° 


— 36 
14| —45 
Sole ao 


+4 —5 21 
10 S333) 7) 25 
16 10 2 a8) 29) 
20 16 10) +2; —10)| —34 

25), 20) + 2S) 9) 1) —11)"— 39 
29 25 20 15 Om S- 112) 45 
32 29 25 20 15 9 0|— 13)— 52 
36 33 29 25 21 15). --+9 0) S149 
39 36 33 29 25 21 16) -=-9 0) — 14) — 68 

+42) +39) +36) +33) +30) +26) +21)+16) +9 0|— 14 
45 43 40 37 34 30 26; 22) 16)+10) +1 
48 46 43 40 37 34 31) 27; 22) 17) 10 
51 48 46 44 41 38 35} 31) 27; 23) 17 
53 51 49 47 44 41 38) 35} 32) 28) 23 

+56) +54) +52) +50) +47) +45) +42/+39)+ 36|+ 32)/+ 28 
59 57 55 53 50} 48 45) 43) 40) 37) 33 
61 59 57 55 53 51 49} 46) 43) 41) 37 
64 62 60 58 56 54 52} 49} 47; 44) 41 
66 64 63 61 59 57 55) 52} 50) 48) 45 

+69) +67} +65) +63) +62) +60) +58/+55)/+53/+ 51/+48 
71 69 68 66 64 62 60| 58} 56) 54) 52 
73 72 70 68 67 65 63) 61} 59) 57) 55 
76 74 73 71 69 67 66| 64) 62) 60} 58 
78 Hs 75 73 72 70 68] 67) 65) 63) 61 

+80) +79) +77| +76) +74) +73) +71|+69)|+67|+ 66/+ 64 


Difference between dry-bulb and wet-bulb temperatures 


29° | 30° | 31° | 32° | 33° | 34° | 35° | 36° | 37° | 38° | 39° 


° ° ° ° ° ° ° ° ° ° ° 


+4! —10| —45 
1S EB) 8-8) +80 
20) 14) +6; —6| —33 
27| 21; 15) +7) —4) —28 
32) 27/ 22; 16) +9) —2| —23 
+36; +33) +28) +24) +18) +10|  0/—18 
4i| 37| 34; 30; 25) 19] +12) +2|—-14 
45, 42| 38] 35| 31) 26; 20} 13) +4/—10 
48, 46, 43| 39] 36; 32} 27; 22) 15] +6) —7 
52; 49| 47| 44| 40) 37] 33) 28} 23) 17/ +9 
+55] +53) +50) +47| +45] +41) +38/+34/+30/+25/+19 
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TABLE 18 
Speed Table for Measured Mile 


Sec. 


S 
CECDEE 


oowo 
“100 
ooo 


9 90 90 90 G0) G0 90 90 90 90 


DOooo|Coooo\oo oo S|\DD OO: 


PSPS SPER Ro 


COONAOWMUPWNH OS 


— et ee 
(ee) 
Oo D> 


JI 
or 


9? > BPD? D>) >.> D> D> D>) Se SPS? D>. D>) SD > S> GG 3S? D> | AT VAT VAY ST OTT ST ST) SY AT SYS SI ST SE STAT] STNG ST TS SY ST TT 99] SE TTD Ts 


NANNANA|NANNAINNNNA|NN NNN] NN NNN] NNININI 90] 90 90 90 90 90] G0 G0 90 90 90] 90 90 G0 G0 0 90 G0 90 G0 90 


9 90 90 Go 96 90} G6 90 Go Go G0} 90 90 90 90 90] 90 G0 90 G0 1] 50 OO D/ ODDO D/DO00 9/9000 


PD? DDD D>| DD HD DDD] DP HDA DD AAA D/A AAA A AAA AA AHHH A HOAA A AAAAA MAHA AAMAS 


SUSU OU SE OU OUT OU CUOUG 


(=) 
RY TS TT TAL SH TT UU TY UH | OU OU ON TT OTT UT TUT UT 


PPP PPE PPP PP RR RR PR ER PR RR RR 
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TABLE 19 
Speed, Time, and Distance 


mA oD Haid 


cr 


BAA TID OO AOAA PIO DAO AA AID OA OATHS HASAN HOW AOAAM OO WHO MAO Oe 
SSSSSS|SS HATH lesct cd cdes ev kos ob 5 od od cs oS od] ob a ait | A iS SS SAS PSS S S/O CSO EN EE 
BAA TID OS OAOA [CO HID DH |AOAAD HOR DANO ABOR DOING HOM /WROAN/W WOM O/O AND eee 
SSSSSS|S SSA HH AA] Heted of ci os ed ed od of]o5 05 cd o5 05 [ed oS ob ti EA ES SS fs Su S/O OOO /O CSO 
1 
BAC TID |OO AOAC HINO | OOTAlM PIO |WHOAA THON D/AHOAAD/ FON DA/OANGD THOR HO ABN 
SSSSSS [SSS aS [Halal [eicdcd ciel eck cd esd [edd esas |e AAA ASS SIS Se ele Ee ee 
BAC HID OR OHO [AAD HID ORO AOA AG HID OR WAS [AAG Hid ]/OR WAS [AN 0 HOW ASAIN cosas oraes 
SSSSS5|SSSS HAA GAs iced cds cd cd [es ed cd of o5 fod 05 05 ch cd ld cd od oS I I |S SS SS iS SSS 
eS Oa a OO SN ee re de oo | og oi oe ol cg hd 
SSS [SS SSS [Ss ciel ial feted cdiet eked eo csed [ed cS odes edad es A A WY BES SES 
SAA HD OROH|AOAAN OHIO [HO AOAIAN GD HD |SR OH AS AANA OE ODOR OANIN HO OAS 
EI ese ie ees hes laced) epaed el IANS So Ta halal cca Riese De ies 
| ! 
BAA F/I OR D|DHOO AAG HHO ON DAS SAAN |G HIS ORDO AO / AAA Cd Om HOO Nae 
Soscco SSSSSIS SHAH BAH Get cd cd cd Oi Od cd Ca ON OS 09 ON AN nd 5 [05 05 05 015 05 [05 05 5 05 05 [05 05 wi i tH] Hi i HH 


Speed in knots 


g AACN CD OD | HID ID OE |S ODO | AON ED OD | HID OT | OD SIA ANG 69] HID 1 OPI OA ASIA AED OD ON 
= SESE [ESAS | re ale gb hg hecirg ciclo IAD Nmap i DO ato bead bmi 
SL NED [FID ID OO WO AIA OSS AAA OD HID[ID SOR WIWAABSS AANA 09 09 [Ht HID OO WARIO OS AAA 09 00 St 1 
fiscccsscca|soses [oie ieit a] icine ev obedatelctcbebete vei et etal lebaSeScSedl bed eb edd 
BO AAA [C0 THAD OOOR O|DHHAHSS|S AAA HHH /S OOK DDO OOO AAAI Ht Hd [OOM HIMOQASS 
$Egacd|sscca|e coos SSS ae ai sais | ated lebebedebel| tet etetet| ated eiailecteted 
SSI NNO OO ID DD SOOO OAD AOS SAAN 09 09 HID [1919 OOD | DDO A|AOOS AAAANN 0/09 to 0 
iBiscclecces[sscsc|soses|se naa itcta[a eas asso [Resctetel avai atatalleetetetes 
SO AN NOD 09 OD | SHH HID 1D 1 OO OL | DD D|ARMROOS ANDO HH HIN WH OOCON|REDDND|ABRBOS 


Feet ee Me Tyee Ltt et | to Cm at mC | fmik oe roel Pre Ses SU) 


| 


farceovies 


| 


Fe ee et eT er eet tN 
ae Set ocooooo 


Cention aetiet) 


ooooo 


,oOOrnArs sosco|sscoe 


HH tH 20 1 scscelscsce 


00 00 00 CO > 


Eodcddo cess Nee ate mel no ot Nal lho oyt eptes epee 


| 
Sacsss|sssce CVV AI AIA [09 09 O19 0D OD | SH SH SH OSH SH HH 29 19 19 [191090 OOO 


oh 0 0 we 


YO. a 


0.5/1.0] 1.5] 2.0] 2.5] 3.0] 3.5 | 4.0] 4.5] 5.0 | 5.5 | 6.0 | 6.5 | 7.0 | 7.5 | 8.0 


TA ANNN 


Ssccsalsccos Sena 


ANANAN 


ANNAN 


OD YD OD 6D CD 


| 
Seaselsccos 


LD UD 1G WD LD 


2 fa 8 eee peep eRe 
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fr) 
= 
ica) 
— 
eQ 
< 
& 


Speed, Time, and Distance 


Speed in knots 


NAN 69 09109 OD SH SH SH 
iene th a hoon hae eee hee Phe ae oe 


~~ 


LD LD 1D 19 


COOoOor 


NwtOOO 


0010 


0 OOOO 


AHI BION + OO 


BEN DINSHIOTMHOS 


SS 


8.5 | 9.0 | 9.5 | 10.0; 10.5} 11.0} 11.5) 12.0) 12.5] 13.0] 13.5] 14.0] 14.5] 15.0] 15.5! 16.0 


TAN OD HID /O Dh ODO 
tol 
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TABLE 19 


Speed, Time, and Distance 


Speed in knots 


allay Min- 
es 
16.5] 17.0] 17.5] 18.0] 18.5} 19.0} 19.5] 20.0} 20.5) 21.0] 21.5] 22.0) 22.5} 23.0) 23.5] 24.0 ae 
Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles 
ik 0. 3| 0. 3/ 0. 3| 0. 3] 0. 3} 0. 3) 0 3) 0. 3) 0. 3) O. 4] 0.-4) 0. 4) 0. 4) 0. 4) 0. 4) 0. 4 1 
2 0. 6| 0. 6 0. 6] 0. 6| 0. 6| 0. 6] 0. 6] 0. 7] 0. 7] 0. 7] 0. 7] 0. 7] 0. 8] 0. 8} 0. 8} 0.8 2 
3 O: Si OF Si OF 91 0! 9h OF 9} 4. OF 1.0% 1 OF 1, OF F: OF VE A) We Ay TS yp 22) V2) 12 3 
4 ie 1) We ty We de DF We ON Ae Sy Pe Sh eS 4 te Ae Ie 4 We Bre oP 1.5) 1 6 16 4 
5 A eA de Se 5 ie St ie Gh Gene dee les 1s Si Iesie is Ol 1s Ol 250i 22.6 5 
6 1m) Te Zid Se Sh Ws Sl) 1D Sh OW 2h Ol) 220 ATs 2) 252172) DI 223) 2. 4) 2. 4 6 
if 1-91) 2) Ole OND? Tih 2) 2 OPO De sie Os Sis Qed Oe Ay Qe Sly QaiG\ 25 Gin 2a Wi 2a 7 2e8 7 
8 Fe DL Sino 31 Oe Al) Di BIO: 5 QIGN De Ty 257i) Qe Sil 2 Oy 2.93, OF Ba Lie ss Ue Bs 2 8 
9 9 5h 2: Gi 2: Gil 2.7 2. 8) 2 Sl BOF 3. OF 3.1) 8.21) 3. 2)) 3.3) 3) 4) 3:4) 3.5) 336 9 
10 DS D Sh 9. 91) 3. Ol Ss 1) 3) 2) 3. 2 3. 3) 3. 4) 3) 5 3.6) 3. 7k. 8h 3.8) 32.9) 410 10 
ial 350) 3) Ui ae 21) 30.3) 3! 4) 3, 5) 3) 6h 32.7 3: 8) 3: 8) 3.9) 40) 4 1 4,2) 4, 3) 4.4 11 
12 3. 3| 3.4] 3.5] 3.6] 3. 7] 3. 8| 3. 9] 4.0) 4.1) 4.2) 4.3) 44) 45) 46) 47 4.8 12 
13 3.6 3. 7| 3. 8] 3.9) 4.0] 4.1] 4.2) 4.3) 4.4, 4.6) 47) 48) 49) 5.0) 5.1 5. 2 13 
14 3.81 4.0] 4. 1] 4. 2] 4.3] 4.4] 4.6] 4 7] 4.8] 4.9) 5.0} 5.1) 5.2) 5.4) 5.5 5. 6 14 
15 | 4.1] 4.2| 4.4] 4.5] 4.6] 4. 8| 4. 9) 5.0] 5.1) 5. 2] 5. 4] 5.5] 5.6) 5.8) 5.9] 6.0] 15 
16 4. 4| 4.5] 4. 7| 4.8] 4.9] 5. 1] 5.2) 5. 3) 5. 5) 5.6] 5. 7) 5.9) 6.0) 6 1) 63 6. 4 16 
17 4. 7) 4.8] 5.0] 5.1) 5. 2) 5.4] 5.5] 5. 7) 5. 8} 6.0] 6 1) 6 2) 6.4) 65 6. 7| 6.8 il? 
18 5. 0| 5. 1| 5. 2| 5. 4] 5. 6] 5. 7| 5. 8] 6. 0] 6. 2) 6. 3} 6. 4] 6. 6) 6 8] 6.9) 7.0 7.2 18 
19 5. 2| 5. 41 5. 5| 5. 7| 5. 9] 6.0) 6. 2] 6. 3] 6. 5) 6. 6] 6.8] 7.0) 7.1) 7.3) 74 7.6 19 
20 5S 67) 5e8| 6.0) 6. 2) 6. 3] 6. 5) 6. 7) 6. 8) 7. 0} 7. 2) 7.3) 7.5) 727 7. 8| 8.0 20 
21 5. 8| 6. O| 6. 1| 6. 3] 6. 5| 6. 6| 6. 8] 7. O| 7. 2| 7. 4) 7. 5| 7. 7| 7.9) 8.0 8. 2) 8. 4 21 
22 GUO! Geol) G24) G26! 628) 720! 2) sl Gol tat 7-9} 8 1 8. 2) 8. 4 8. 6] 2.8 22 
23 6. 3] 6. 5| 6. 7| 6. 9] 7. 1] 7. 3] 7. 5] 7. 7 7. 9} 8.0) 8 2) 8 4) 86 8. 8} 9. 0] 9. 2 23 
24 6. 6| 6. 8| 7. 0} 7. 2| 7. 4| 7. 6] 7. 8] 8 0} 8 2) 8 4) 8. 6) 8&8 9. 0} 9. 2} 9. 4) 9.6 24 
25 GUOl Tall yas We bl we Zl 79 Sole So 3le8. 0), 8) 8) 95 0} O21. 9.4 9. 6| 9. 8}10. 0 25 
26 Ol 74) 76) 8) 8.0) 82) 84) 8.7] 8.9) 9.1) 93 9. 5] 9. 8/10. 0/10. 2)10. 4 26 
27 7. Al 7.6) 7. 9| 8. 1] 8 3] 8.6] 8. 8] 9. 0} 9. 2] 9.4) 9.7 9, 9}10. 1)10. 4/10. 6)10. 8 27 
28 7.7| 7.9) 8. 2] 8. 4| 8 6} 8 9] 9.1) 9. 3) 9.6 9. 8/10. 0)10. 3/10. 5/10. 7}11. Oj11. 2 28 
29 8. 0] 8. 2| 8. 5] 8. 7] 8 9} 9. 2) 9.4) 9.7 9, 9/10. 2/10. 4/10. 6/10. 9/11. 1)11. 4/11. 6 29 
30 8, 2] 8. 5] 8. 8} 9. 0} 9. 2) 9.5 9. 8/10. 0/10. 2/10. 5]10. 8/11. O}11. 2/11. 5)11. 812. 0 30 
31 8. 5| 8. 8} 9. 0) 9. 3) 9.6 9. 8110. 1/10. 3/10. 6/10. 8/11. 1/11. 4/11. 6/11. 9)12. 1/12. 4 ol 
32 8. 8} 9. 1} 9. 3) 9.6 9. 9/10. 1/10. 4/10. 7/10. 9/11. 2/11. 5/11. 7/12. 0/12. 3/12. 5/12. 8 32 
33 9.1} 9. 4| 9.6 9. 9/10. 2/10. 4/10. 7/11. Ol11. 3/11. 6/11. 8/12. 1]12. 4)12. 6/12. 9/13. 2 33 
34 9. 4| 9.6 9. 9/10, 2/10. 5/10. 8/11. O/11. 3/11. 6/11. 9/12. 2/12. 5/12. 8/13. 0/18. 3]13. 6 34 
35 9. 6 9. 9110. 2/10. 5/10. 8/11. 1/11. 4/11. 7/12. 0/12. 2/12. 5/12. 8/13, 1/13. 4/18, 7/14. 0 35 
36 9. 9/10. 2/10. 5/10. Si11. 1/11. 4/11. 7/12. 0/12. 3/12. 6/12. 9/13. 2/13. 5/13. 8/14. 1/14. 4 36 
37 10. 2)10. 5)/10. 8/11. 1)11. 4/11. 7 12. 0/12. 3/12. 6/13. 0/13. 3/13. 6/13. 9)14. 2)14. 5/14. 8 37 
38 10. 4/10. 8/11. 1/11. 4/11. 7/12. 0/12. 4/12. 7/13. 0/13. 3)13. 6/13. 9/14. 2}14. 6/14. 9}15. 2 38 
39 10. 7/11. O}11. 4}11 7112. 0/12. 4/12. 7/13. 0/13. 3/13. 6/14. 0/14. 3/14. 6/15. 0/15. 3/15. 6 39 
40 11. 0/11. 3/11. 7/12, 0/12. 3/12. 7/13. 0/13. 3/13. 7/14. O14. 3/14. 7/15. 0)15. 3/15. 7/16. 0 40 
41 11. 3/11. 6112. 0/12. 3/12. 6/13. 0/13. 3)13. 7/14. 0/14. 4/14. 7/15. O|L5. 4/15. 7/16. 1]16. 4 41 
42 11. 6/11. 9)12. 2/12. 6)13. 0/13. 3 13. 6/14. 0/14. 4/14. 7/15. 0/15. 4/15. 8/16. 1 16. 4|16. 8 42 
43 11. 8112. 2/12. 5/12. 9/13. 3/13. 6/14. 0)14. 3/14. 7/15. 0/15. 4 15. 8/16. 1/16. 5/16. 8)17. 2 43 
44 12. 1/12. 5/12. 8/13. 2/13. 6/13. 9/14. 3]14. 7/15. 0/15. 4 15. 8116. 1/16. 5/16. 9/17. 2/17. 6 44 
45 12. 4/12. 8/13. 1/13. 5/13. 9/14. 2/14. 6/15. 0/15. 4/15. 8 16. 1/16. 5/16. 9/17. 2|17. 6 18. 0} 45 
46 12. 6/13. 0/13. 4/13. 8/14. 2/14. 6/15. 0/15. 3/15. 7/16. 1 16. 5/16. 9/17. 2/17. 6|18. 0)18. 4 46 
AT 12. 9113. 3/13. 7/14. 1/14. 5)14. 9 15. 3/15. 7/16. 1/16. 4/16. 8/17. 2|17. 6/18. 0 18. 4]18. 8 47 
48 13. 2/13. 6/14. 0/14. 4/14. 8/15. 2 15. 6/16. 0/16. 4/16. 8]17. 2/17. 6/18. 0/18. 4|18. 8]19. 2 48 
49 13. 5/13. 9]14. 3/14. 7/15. 1/15. 5]15. 9/16. 3/16. 7/17. 2|17. 6/18. 0/18. 4]18. 8]19. 2)19. 6 49 
50 13. 8114. 2114. 6I15. O15. 4/15. 8116. 2/16. 7|17. 1|17. 5/17. 9/18. 3/18. 8/19. 2/19. 6/20. 0 50 4 
51 14. 0/14. 4/14. 9/15. 3/15. 7/16. 2 16. 6/17. 0/17. 4/17. 8]18. 3)18. 7/19. 1 19. 6/20. 0/20. 4 51 
52 14, 3114. 7115. 2115. 6/16. 0/16. 5/16. 9/17. 3/17. 8/18. 2/18. 6/19. 1/19. 5/19. 9/20. 4/20. 8 52 
53 14. 6/15. O15. 5/15. 9/16. 3/16. 8/17. 2)17. 7/18. 1 18. 6/19. 0/19. 4/19. 9/20. 3/20. 8/21. 2 53 
54 14. S15. 3115. 8116. 2/16. 6117. 1/17. 6/18. O|18. 4/18, 9]19. 4]19. 8]20. 2/20. 7/21, 2/21. 6 54 
55 15. 1/15. 6/16. 0/16. 5/17. 0/17. 4/17. 9)18. 3/18. 8/19. 2/19. 7/20. 2/20. 6/21. 1/21. 5/22. 0 55 
56 15. 4/15. 9/16. 3/16. 8|17. 3/17. 7/18. 2/18. 7/19. 1/19. 6 20. 1/20. 5/21. 0/21. 5/21. 9/22. 4 56 
57 15. 7/16. 2/16, 6/17. 1/17, 6|18. 0/18. 5|19. 0/19. 5|20. 0/20. 4/20. 9/21. 4/21. 8/22. 3/22. 8 57 
58 16. 0116. 4/16. 9/17. 4/17, 9/18. 4/18. 8|19. 3]19. 8/20. 3/20. 8/21. 3/21. 8)22. 2/22. 7/23. 2 58 
59 16. 2/16. 7/17. 2|17. 7/18. 2/18. 7)19. 2)19. 7/20. 2/20. 6/21. 1/21. 6/22. 1/22. 6/23. 1/23. 6 59 
60 16. 5/17. 0/17. 5/18. 0]18. 5/19. 0)19. 5/20. 0/20. 5 21. 0/21. 5/22. 0/22. 5/23. 0/23. 5/24. 0 60 
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TABLE 19 


Speed, Time, and Distance 


Speed in knots 


Min- Min- 
utes utes 
24.5 25.5) 26.0) 26.5] 27.0] 27.5] 28.0) 28.5] 29.0) 29.5] 30.0] 30.5] 31.0] 31 5| 32.0 
Miles| Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles Miles | Miles | Miles | Miles | Miles | Miles | Miles 
il 0. 4; 0. 4) 0. 4) 0. 4) 0. 4) 0. 4) 0.5] 0.5! 0.5!) 0 51 0.5] 0.51 0.5 0. 5} 0. 5} 0.5 1 
2, 0. 8} 0. 8) 0. 8) 0. 9} 0. 9) 0. 9! 0. 9! 0. Ly OF TO Ol 1 OW ty Ot Ol te Ole dent 2 
3 Le 2 ie 12 13 | eter oe Te Se eye tee 4 Ale Ieee ela 5) LS) © Sh Ie G6} 16) 16 3 
4 1.6) Lo Wile 7 1. Ti ds 8 1, 8h A 8) Le Oh LO) L OF B OF B OF 210 PEW SOS alll 29. TI 4 
D 2: OF 22 A), 2) Ui 2 22 2) 2) 23) 2 3h Oe4l oS Alo el og 2: O))-2. Gl 22 Gi 2ar7| 5 
6 254) 205) 256) QUO ONG Non 7 ONS mons none 2: 9 3: 0) 3. OW 3, O}F 3) 1 39 2F S92 6 
u 2; Oy 29 9 3; Ol 3x Ol BV 1). 321) 32) 3. Bh S).3h S 4 3; 413) 5) 3 Gl Sa6) 3 Zi) 3.77 7 
8 3. 3) 3. 3] 3. 4) 3. 5) 3. 5] 3. 6] 3. 7] 3.7] 3.8 3. 9] 3.9) 40) 41) 41) 42) 43 8 
9 3.7) 3. 8} 3. 8) 3.9) 4.0) 4.0) 4.1) 42) 43) 44 4.4, 4.5) 4.6) 46) 4 7/ 48 9 
10 4,1) 4, 2) 4,2) 4. 3] 4. 4) 4.5) 4.6] 47] 4 8] 4. 8| 4. 9) 5. 0} 5. 1) 5.2) 5. 215 3 10 
il 4, 5) 4. 6] 4.7) 4. 8! 4.9] 5. 0] 5. 0! 5. 1] 5. 2 5. 3) 5. 4| 5. St 5. 6] 5) 7| 5. Sl 5. 9 11 
12 4, 9l" 5. Ol} by Le 5.2215: Sil 5. 4h 5. 5 bs Gh Se 7 5. 8} 5. 9) 6. O} 6. 1] 6. 2} 6 3] 6 4 12 
13 5. 3} 5. 4) 5. 5) 5. 6) 5. 7| 5. 8] 6. 0] 6. 1! 6. 21 6. 3] 6. 4 6. 5} 6. 6} 6. 7} 6. 8} 6.9 13 
14 de fil Os 8/16. OG: 116s 2 Gy Sle. 4h G6. SIG. 6 G2 S8i- G2 Oc Ol Gerke all wee ale ga 14 
15 6. 1) 6, 2/6. 4) 6. 5} 6.6) 6.8] 6.9] 7.0] 7.1] 7.2 7. 4| 7. 5) 7. 6] 7. 8] 7.9] 8.0 Us 
16 6:3) 67 GF SG. Ol Te Bi Siz Bh z, 6) 7. 7 7. 9) 8. 0} 8 1] 8 3) 8 4) 8 5 16 
17 GRO Le Ce Zier Ae anole alGie a Since Ole Si 8. 2) 8 4) 8 5) 8 6] 8 81 8 91 91 EZ: 
18 1; 44s Sl & Gl’ Ze Sh SP OLS, 1) S. WS 4 s-¢ 8. 7} 8. 8] 9. 0) 9. 2} 9. 3} 9. 4) 9, 18 
19 7. 8; 7. 9} 8. 1) 8. 2) 8 4) 8. 6 8 7/ 8 9] 9.0 9.2} 9. 3) 9. 5} 9. 7} 9. 8/10. 0/10. 19 
20 8. 2) 8. 3] 8.5) 8. 7] 8. 8] 9.0] 9. 2] 9.3] 9.5 9. 7| 9. 8/10. 0/10. 2}10. 3/10. 5/10. 20 
21 8. 6) 8. 8) 8.9) 9.1] 9.3] 9. 4] 9.6 9. 8/10. 0]10. 2/10. 3/10. 5/10. 7/10. 8/11. Ol11. 21 
22 OF OR ON 2s Oe le Oe hin On 7 9. 910. 1/10. 3/10. 4/10. 6/10. 8/11. O11. 2/11. 4/11. 6111. 22 
23 9. 4; 9.6 9. 8/10. 0/10. 2/10. 4/10. 5/10. 7/10. 9/11. 111. 3)/11. 5/11. 7/11. 9)12. 1/12, 23 
24 9. 8/10. 0/10. 2/10. 4/10, 6/10. 8/11. O}11. 2/11. 4/11. 6f11. 8[12. 0/12. 2/12 4/12. lia, 24 
25 10. 2/10. 4/10. 6/10. 8/11. O]11. 2/11. 5/11. 7/11. 9/12. 1/12. 3/12. 5/12. 7/12. 9/13. 1113, 25 
26 10. 6/10. 8/11. O/11. 3/11. 5/11. 7/11. 9/12. 1/12. 4/12, 6/12. 8/13. 0l13. 2/13, 4/13. 6113, 26 
24 11. O11. 211. 5/11. 7/11. 9/12, 2/12, 4/12. 6/12. 8/13, 0/13. 3/13. 5/13. 7/14. Ol14. 214. 27 
28 11. 4/11. 7/11. 9)12, 1/12. 4/12. 6/12. 8/13. 1/13. 3/18. 5]13. 8/14. 0/14. 2/14. 5/14. 7/14. 28 
29 . 8/12. 1/12. 3/12. 6/12. 8/13. 0/13. 3/13. 5/13. 8 14, O)14. 3)14. 5/14. 7/15. 0/15. 2/15. 29 
30 12. 2/12. 5/12. 8/13. 0/13. 2/13, 5/13. 814. 0)14. 2/14. 5/14. 8/15. 0/15. 2/15. 5/15. 8i16. 30 
31 $12. 7/12. 9/13. 2/13. 4/13. 7/14. 0 14, 2/14, 5/14. 7/15. 0/15. 2/15. 5/15. 8/16. 0 16. 3/16. 31 
32 $13. 1/13. 3/13. 6/13. 9/14. 1/14, 4 14, 7/14. 9/15. 2/15. 5/15. 7/16. 0/16. 3/16. 5/16. 8 ibe’ 32 
33 [13. 5/13. 8/14. 0/14. 3/14, 6/14. 8 15. 1/15. 4/15. 7}16. 0/16. 2/16. 5/16. 8/17. O17. 3 Wie 33 
34 13. 9/14. 2/14. 4/14, 7/15. 0/15. 3 15. 6/15. 9/16. 2/16. 4/16. 7/17. 0/17. 3/17. 6117. 8 18. 34 
35 14. 3/14. 6/14. 9/15. 2/15. 5/15. 8i16. 0/16. 3)16. 6/16. 9]17. 2/17. 5/17. 8/18, 1/18, 4 18. 35 
36 $14. 7/15. 0/15. 3/15. 6/15. 9116. 2 16. 5/16. 8)17. 1/17. 4/17. 7/18. 0/18. 3/18. 6/18. 19, 36 
37 . 1/15. 4/15. 7/16. 0/16. 3/16. 6/17. 0117. 17. 6J17. 9/18. 2/18. 5}18. 8/19. 1]19, 4]19 37 
38 - 5/15. 8/16. 2/16. 5/16. 8/17. 1/17. 4117. 18. 0/18. 4/18. 7/19. 0]19. 3/19. 6/20. 0/20 38 
39 . 9116. 2)16. 6)16. 9]17. 2/17. 6/17. 9118. 18. 5/18. 8/19. 2/19. 5/19. 8/20. 2/20. 5/20 39 
40 . 3/16. 7) 17. 0/17. 3)17. 7/18. 0/18. 3/18. 7/19 19. 3/19. 7/20. 0/20. 3/20. 7/21. 0/21 40 
41 17. 1/17. 4)17. 8)18. 1/18. 4/18, 8/19 19. 5/19. 8/20. 2/20. 5/20. 8/21. 2/21. 5/21 ‘ 41 
42 17. 5/17. 8/18. 2)18. 6/18. 9]19. 2/19 20. 0/20. 3)20. 6/21. 0/21. 4/21. 7/22. ol22 42 
43 j . @ 9. 4 Sih ; 43 
44 9. 1 9.8 Ol: 44 
45 PD, , 2 . 8/25 45 
46 rio ed ne 46 
47 . 4 42 y 47 
48 Lita) é 48 
49 ay 49 
50 a7, 50 
51 Wat Bl 
52 bss 52 
53 0 53 
54 A 54 
55 re) 55 
56 a8 56 
57 Ae 57 
58 mall 58 
59 6 59 
60 . O 60 
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TABLE 19 


Speed, Time, and Distance 


Speed in knots 


Min- 


utes aoe 
32.5) 33.0 34.5 35.5] 36.0) 36.5] 37.0) 37.5} 38.0 
Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles | Miles |Mi 

1 0. 5| 0. 6} 0. 6| 0. 6] 0. 6} 0. 6} 0. 6} 0. 6} 0. 6} 0. 6} O. 6) O. 6) 0. 6 O. 6) O. 7} O. 1 
2 eee tet ite mie el) TED) TED 1S 2) ee desl VED) es) Ms! lees 1 Sh: 2 
3 Ty GledeGmdew | ulewieetad | Le Sl TeSie ts 8) la siy dee8! 516-9) TO) 9) 250) 20), 12: 3 
4 DED SD ain Qi? Sin2 435) 223) 284192) 4) Qe Debi) 2b) 2e5) (2.6) 256) 2.6) 12: 4 
5 2 7| 2. 8in2. 8112. 812.59] 2°°9) 35.0) 3.0) 3..0) 3:1) 3.1) 3.2) 3. 2) 3.2) 3.3) 38. 5 
6 3. 2) 3.3] 3. 4| 3. 4] 3.4) 3. 5) 3. 6] 3. 6) 3. 6} 3. 7] 3.8) 3.8) 3. 8) 3.9) 4.0) 4. 6 
7 3.8] 3. 8] 3.9} 4.0] 4.0) 4 1) 4 1) 42) 4.3) 4.3) 4.4) 4.4) 4.5) 4.6) 4.6) 4. 7 
8 4. 3| 4. 4) 4. 5) 4. 5) 4.6] 4.7) 4.7] 4.8) 4.9) 4.9) 5.0) 5.1) 5.1) 5.2) 5. 3) 5. 8 
9 ANG) 55 Ol85. O15. 15.22) 5: 21/8593) 525 4) -oF Ol. O46) 5! 6) “SF 7|) 5. 8 52.8) 5. 9) 6. 9 
10 5. 4| 5. 5| 5. 6 5. 7] 5. 8] 5. 8] 5. 9) 6. 0} 6.1) 6. 2) 6. 2) 6.3) 6. 4) 6. 5) 6. 6) 6. 10 
11 6. 0} 6. 0] 6. 1 2| 6. 3) 6. 4| 6. 5| 6.6 7) 6281) 659) 7H 7. UW 2h 7221 V7. 1 
12 6. 5| 6. 6] 6. 7 SIPG29] (0\) ve ll va 2 Be CA (al MO wendllinte Sita Ole 1 
13 His \U Pe vierab (ees) Mot petal ol Ne Zl Fp Ti te: 9} 8.0) 8. 1) 8 2) 8 3) 8. 4) 8 6) 8. 13 
14 AG Cae 1.8 9} 8. 0) 8. 2) 8 3) 84 5] 8. 6] 8 8) 8. 9) 9.0} 9. 1) 9. 2) 9. 14 
US 8. 1) 8. 2/ 8.4 5} 8. 6} 8. 8 8. 9} 9.0 1] 9.2} 9. 4) 9. 5) 9. 6} 9. 8! 9. 9/10. 15 
16 8. 7| 8. 8} 8.9] 9.1) 9. 2) 9.3) 9. 5] 9. 6) 9. 7} 9. 9/10. 0/10. 1/10. 3 . 4/10. 5 16 
17 9. 2} 9. 4] 9. 5} 9. 6} 9. 8] 9. 9/10. 1/10. 2/10. 3/10. 5/10. 6/10. 8/10. 9)11. O)11. 2 17 
18 8} 9. 9/10. 0/10. 2/10. 4)10. 5}10. 6/10. 8/11. Of11. 1)11. 2)11. 4/11. 6/11. 7/11. 8 18 
19 . 3/10. 4/10. 6/10. 8/10. 9/11. 1/11. 2'11. 4/11. 6/11. 7)11. 9/12. 0/12. 2 . 4/12. 5 19 
20 | S111. O11. 2)11. 3/11. 5/11. 7/11. 8)12. 0/12. 2/12. 3/12. 5)12. 7/12. 8/13. 0/13. 2 20 
21 ~Al11. 6/11. 7/11. 9/12. 1/12. 2)/12. 4/12. 6/12. 8/13. 0/13. 1/13. 3/13. 5 . 6/13. 8 21 
22 . 9/12. 1/12. 3/12. 5)12. 6/12. 8]/13. 0/13. 2/13. 4/13. 6)13. 8/13. 9/14. 1 . 314, 5 22 
22 5/12. 6/12. 8/13. 0/13. 2/13. 4/13. 6]13. 8] 14. 0/14. 2/14. 4/14, 6/14. 8 BO Wleeoael: 23 
24 . 0113. 2)13. 4/13. 6/13. 8/14. 014. 2)14. 4/14. 6 8/15. 0/15. 2/15. 4/15. 6/15. 8 24 
25 . 5/13. 8/14. 0/14. 2/14. 4/14. 6/14. 8)15. 0)15. 2)15. 4 . 6/15. 8/16. 0/16. 2/16. 5 25 
26 . 1/14. 3/14. 5/14. 7/15. 0/15. 2/15. 4/15. 6/15. 8 O)16. 2/16. 5/16. 7)16. 9/17. 1 26 
27 _ 6/14. 8/15. 1/15. 3/15. 5/15. 8/16. 0/16. 2/16. 4)16.'6 OU 7 Si 7aGL 78 20 
28 _ 2/15. 4/15. 6/15. 9/16. 1/16. 3}16. 6/16. 8/17. 0/17. 3 . 5/17. 7/18. 0)18. 2/18. 4 28 
29 . 7116. 0116. 2/16. 4/16. 7/16. 9)17. 2)17. 4/17. 6)17. 9 . 1/18. 4/18. 6/18. 8/19. 1 29 
30 2/16. 5/16. 8/17. 0/17. 2)17. 5|17. 8/18. 0/18. 2/18. 5 . 8119. O19. 2/19. 5/19. 8 30 
31 ~ 8/17. 0117. 3/17. 6117. 8/18. 1/18. 3/18. 6/18. 919. 1]19. 4/19. 6)19. 9/20. 2)20. 4 31 
32 3/17. 6117. 9/18. 1/18. 4]18. 7/18. 9/19. 2]19. 5)19. 7/20. 0/20. 3/20. 5/20. 8/21. 1 32 
33 9118. 2/18. 4/18. 7/19. 0/19. 2/19. 5|19. 8/20. 1/20. 4/20. 6/20. 9/21. 2/21. 4/21. 7 33 
34 . 4/18. 7/19. 0/19. 3/19. 6}19. 8/20. 1/20. 4 . 7/21. O21. 2/21. 5/21. 8/22. 1/22. 4 34 
35 . 0/19. 2/19. 5/19. 8/20. 1/20. 4/20. 7}21. 0/21. 3 . 6/21. 9/22. 2/22. 5)22. 8/23. 0 35 
36 . 5/19. 8/20. 1/20. 4/20. 7/21. 0/21. 3/21. 6/21. 9 . 2|22. 5/22. 8/238. 1/23. 4123. 7 36 
37 . 0/20. 4/20. 7/21. 0/21. 3/21. 6/21. 9)/22. 2/22. 5 . 8/23. 1/23. 4/23. 7/24. 0/24. 4 37 
38 . 6120. 9/21. 2/21. 5/21. 8/22. 2/22. 5/22. 8/23. 1 . 4/23. 8/24. 1/24. 4/24. 7/25. 0 38 
39 . 1/21. 4/21. 8/22. 1/22. 4/22. 8/23. 1/23. 4 . 724. 0/24. 4/24. 7/25. 0/25. 4/25. 7 39 
40 . 7/22. 0/22. 3/22. 7/23. 0/23. 3/23. 7/24. 0/24. 3 . 7/25. 0/25. 3 7 . 0/26. 3 40 
41 2/22. 6/22. 9/23. 2/23. 6/23. 9/24. 3/24. 6/24. 9 . 3/25. 6/26. 0/26. 3/26. 6/27. 0 41 
42 8123. 1123. 4/23. 8/24. 2/24. 5/24. 8/25. 2/25. 6 . 9/26. 2/26. 6/27. 0/27. 3/27. 6 42 
43 . 3123. 6/24. 0124. 4/24. 7/25. 1/25. 4/25. 8/26. 2 . 5/26. 9/27. 2/27. 6/28. 0/28. 3 43 
44 , 8124, 2/24. 6124. 9/25. 3/25. 7/26. 0/26. 4/26. 8 . 1/27. 5/27. 9/28. 2/28. 6/29. 0 44 
45 _ 4/24, 8125. 1125. 5/25. 9/26. 2/26. 6/27. 0/27. 4 . 8/28. 1/28. 5/28. 9/29. 2/29. 6 45 
46 |24. 9125, 3/25. 7126. 1/26. 4|26. 8|27. 2/27. 6/28. 028. 4/28. 8/29. 1/29. 5/29. 9/30. 3 46 
47 . 5125. 8126. 2/26. 6/27. 0/27. 4/27. 8/28. 2 . 6/29. 0/29. 4/29. 8/30. 2/30. 6)30. 9 47 
48 . 0/26. 4/26. 8/27. 2/27. 6/28. 0/28. 4/28. 8/29. 2 . 6/30. 0/30. 4/30. 8/31. 2/31. 6 48 
49 . 5127. 0/27. 4/27. 8/28. 2/28. 6/29. 0/29. 4/29. 8 . 2130. 6/31. 0/31. 4/31. 8/32. 3/3: 49 
50 . 1127. 5/27. 9/28. 3/28. 8/29. 2/29. 6/30. 0/30. 4 . 8131. 2/31. 7/32. 1/82. 5/32. 9 50 
51 . 6/28. 0/28. 5/28. 9/29. 3/29. 8/30. 2/30. 6 0/31. 4/31. 9/32. 3/32. 7/33. 2/33. 6 51 
52 2/28. 6/29. 0/29. 5/29. 9/30. 3/30. 8/31. 2/31. 6/32. 1/32. 5/32. 9 . 4133. 8/34. 2 52 
53 7129. 2/29. 6/30. 0130. 5/30. 9/31. 4/31. 8/32. 2/32. 7/33. 1/33. 6/34. 0 . 4134. 9 53 
54 9, 2/29. 7/30. 2/30. 6/31. 0/31. 5/32. 0/32. 4 ) 8133. 3/33. 8/34. 2/34. 6/35. 1/35. 6 54 
55 9. 8130. 2/30. 7/31. 2/31. 6/32. 1/32. 5/33. 0/33. 5 . 9134. 4134. 8/35. 3/35. 8/36. 2 55 
56 - 3130. 8I31. 3131. 7132. 2/32. 7/33. 1/33. 6/34. 1/34. 5/35. 0/35. 5/35. 9/36. 4/36. 9 56 
57 . 9131. 4/31. 8/32. 3/32. 8/33. 2/83. 7/34. 2 7135. 2/35. 6136. 1136. 6/37. 0/37. 5 57 
58 4131. 9/32. 4/32. 9/33. 4/33. 8/34. 3134. 8/35. 3/35. 8 . 2136. 7/37. 2/37. 7/38. 2 58 
59 0/32. 4/32. 9/33. 4133. 9134. 4/34. 9135. 4 . 9136. 4/36. 9/37. 4/37. 9/38. 4/38. 8 59 
60 5133. 0/33. 5/34. 0134. 5135. 0/35. 5/36. 0/86. 5/37. 0/37. 5 . 0138. 5/39. 0/39. 5 60 
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TABLE 20 


Conversion Table for Nautical and Statute Miles 


1 nautical mile=6,076.11548 . . . feet 1 statute mile=5,280 feet 
Nautical miles to statute miles Statute miles to nautical miles 
Nantige Statute miles Nae Statute miles Statute miles eng! Statute miles rt 
1 Te laa 51 58. 690 | 0. 869 51 44, 318 
2 2. 302 52 59. 841 2 1. 738 52 45. 187 
3 3. 452 53 60. 991 3 2. 607 53 46. 056 
4 4, 603 54 62. 142 4 3. 476 54 46. 925 
5 5. 754 55 63. 293 5 4. 345 55 47. 794 
6 6. 905 56 64. 444 6 5. 214 56 48. 663 
w 8. 055 57 65. 594 7 6. 083 57 49. 532 
8 9. 206 58 66. 745 8 6. 952 58 50. 401 
9 10. 357 59 67. 896 9 7. 821 59 51. 270 
10 11. 508 60 69. 047 10 8. 690 60 52. 139 
11 12. 659 61 70. 198 11 9. 559 61 53. 008 
12 13. 809 62 71. 348 12 10. 428 62 53. 877 
13 14. 960 63 72. 499 13 11. 297 63 54. 746 
14 16. 111 64 73. 650 14 12. 166 64 55. 614 
15 ly A 65 74. 801 tS 13. 035 65 56. 483 
16 18. 412 66 75. 951 16 13. 904 66 54. 302 
17 19. 563 67 77. 102 il 14. 773 67 58. 221 
18 20. 714 68 78. 253 18 15. 642 68 59. 090 
19 21. 865 69 79. 404 19 16. 511 69 59. 959 
20 23. 016 70 80. 555 20 17. 380 70 60. 828 
21 24. 166 71 81. 705 21 18. 249 val 61. 697 
P47) 25. 317 72 82. 856 22 19, 117 72 62. 566 
23 26. 468 73 84. 007 23 19. 986 73 63. 435 
24 27. 619 74 85. 158 24 20. 855 74 64. 304 
25 28. 769 wo 86. 308 25 21. 724 75 65. 173 
26 29. 920 76 87. 459 26 22. 593 76 66. 042 
27 31. 071 el 88. 610 PA 23. 462 77 66. 911 
28 32. 222 78 89. 761 28 24. 331 78 67. 780 
29 33. 373 79 90. 912 29 25. 200 79 68. 649 
30 34. 523 80 92. 062 30 26. 069 80 69. 518 
31 35. 674 81 93. 213 31 26. 938 81 70. 387 
32 36. 825 82 94. 364 32 27. 807 82 a1. 256 
33 37. 976 83 95. 515 33 28. 676 83 (PRAIA 
34 39. 127 84 96. 665 34 29. 545 84 72. 994 
35 40. 277 85 97. 816 35 30. 414 85 73. 863 
36 41. 428 86 98. 967 36 31. 283 86 14, 732 
37 42. 579 87 100. 118 37 32. 152 87 75. 601 
38 43. 730 88 101. 269 38 33. 021 88 76. 470 
39 44, 880 89 102. 419 39 33. 890 89 77. 339 
40 46. 031 90 108. 570 40 34. 759 90 78. 208 
41 47. 182 91 104. 721 41 35. 628 91 79. 077 
42 48. 333 92 105. 872 42 36. 497 92 79. 946 
43 49. 484 93 107. 022 43 37. 366 93 80. 815 
44 50. 634 94 108. 173 44 38. 235 94 81. 684 
45 51. 785 95 109. 324 45 39. 104 95 82. 553 
46 52. 936 96 110. 475 46 39. 973 96 83. 422 
47 54. 087 97 111. 626 47 40. 842 97 84. 291 
48 55. 237 98 112. 776 48 41. 711 98 85. 160 
49 56. 388 99 113. 927 49 42. 580 99 86. 029 
50 57. 539 100 115. 078 50 43. 449 100 86. 898 
—___———— en 


Conversion Table for Meters, Feet, and Fathoms © 


TABLE 21 
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Feet Fath Meters Meters || Feet | Meters Fath Meters Fath Meters 
1 3. 28) 0. 55 61 0. 30)| 61) 18. 59 1 1 Sse Glee 56 
2 6. 56) 1. 09 62 0. 61 62| 18. 90}} 2 3. 66]} 62 | 113. 39 
3 9. 84, 1. 64 63 0. 91 63] 19. 20}} 3 5. 49} 638 | 115. 21 
4 Wel2i, 2. 19 64 1. 22/| 64) 19. 51 4 (132\| 664 |e1l7, 04 
5 16. 40} 2. 73 65 TZ) 65) 195 81 5 9.14)| 65 | 118. 87 
6 19. 69| 3. 28)| 66 1. 83 66] 20. 12]} 6 | 10.97|| 66 | 120. 70 
ra 22.97| 3. 83 67 2.13|) 67| 20. 421] 7 | 12. 80]) 67 | 122. 53 
8 26. 25| 4. 37 68 2. 44|| 68) 20. 73]]} 8 | 14. 63 68 | 124. 36 
9 29. 53) 4.92)| 69 2. 74|| 69] 21.03]] 9 | 16. 46)) 69 | 126.19 

10 32. 81) 5. 47|| 70 3.05]| 70) 21. 34]] 10 | 18. 29)/ 70 | 128. 02 

11 36.09) 6.01 ral OH35 ial 2064] a 20 M121) a0: 84: 

12 39. 37| 6. 56]| 72 3. 66|| 72) 21. 95] 12 | 21. 95]| 72 | 131. 67 

13 ADAOO ) te Ll 73 Se9O6\| 73 22. 25i) 13 | 2382771) a3 | e133.-50 

14 45.93) 7. 66)| 74 4, 27|| 74] 22. 56]] 14 | 25. 60|| 74 | 135. 33 

15 49. 21; 8. 20)| 75 4, 57|| 75| 22. 86]) 15 | 27. 43]) 75 | 137. 16 

16 H2FAGE | Sa FH) 76 4, 88|| 76] 23. 16]] 16 | 29. 26])) 76 | 138. 99 

NW, 55.77), 9. -80)| - 77 5,18]! 77| 23. 47]]| 17 | 31. 09)| 77 | 140. 82 

18 59. 06) 9. 84/| 78 5. 49|| 78] 23. 77]) 18 | 32.92)| 78 | 142. 65 

19 62. 34) 10. 39|| 79 5. 79|| 79] 24. O8]} 19 | 34. 75]| 79 | 144. 48 

20 65. 62) 10. 94); 80 6. 10)| 80, 24. 381} 20 | 36. 58|} 80 | 146. 30 

21 68. 90) 11. 48); 81 6. 40|| 81] 24. 69]] 21 | 38. 40)| 81 | 148.13 

22 72. 18] 12. 03 82 Gail 82) 24. 99]] 22 | 40. 23/) 82 | 149. 96 

23 75. 46| 12. 58); 83 7.01 83] 25. 30]] 23 | 42.06|/) 83 | 151. 79 

24 78. 74) 138.12|| 84 7, 32|| 84] 25. 60]] 24 | 43. 89]| 84 | 153. 62 

25 82. 02) 13. 67|| 85 7, 62|| 85| 25. 91]] 25 | 45. 72)| 85 | 155. 45 

26 85. 30) 14. 22|| 86 7,92|| 86] 26. 21|) 26 | 47. 55)| 86 | 157. 28 

27 88. 58} 14. 76|| 87 8. 23|| 87| 26. 52] 27 | 49.38)| 87 | 159.11 

28 91. 86) 15. 31 88 8. 53 88] 26. 82]] 28 | 51. 21 88 | 160. 93 

29 95. 14] 15. 86|| 89 8. 84|| 89] 27. 13]] 29 | 53.04); 89 | 162. 76 

30 98. 43] 16. 40)| 90 9. 14|| 90} 27. 43]) 30 | 54. 86 90 | 164. 59 

31.) 101. 71] 16. 95)| 91 9. 45|| 91] 27. 74]] 31 | 56. 69]| 91 | 166. 42 

32 | 104. 99] 17. 50); 92 9.75]; 92] 28. 04] 32 | 58.52); 92 | 168. 25 

33 | 108. 27) 18.04]) 93 10. 06|| 93] 28. 35]] 33 | 60. 35)| 93 | 170. 08 

34 | 111. 55) 18. 59)| 94 10. 36|| 94] 28. 65] 34 | 62.18]| 94 | 171.91 

35 | 114. 83) 19. 14)/| 95 10. 67 95} 28. 96]] 35 | 64. 01 95 | 173. 74 

36 | 118.11} 19. 69)| 96 10. 97|| 96} 29. 26]) 36 | 65. 84)| 96 | 175. 56 

37 | 121. 39} 20. 23); 97 11. 28|| 97} 29. 57]| 37 | 67. 67|| 97 | 177. 39 

88 | 124. 67| 20. 78]| 98 11. 58|| 98! 29. 87|] 38 | 69. 49]; 98 | 179. 22 

39 | 127. 95| 21. 33 99 11. 89|| 99] 30. 18}} 39 | 71. 32)| 99 | 181. 05 

40 | 131. 23] 21. 87); 100 12. 19|| 100! 30. 48]} 40 | 73. 15|| 100 | 182. 88 

41 | 134. 51) 22. 42) 101 12. 50!) 101| 30. 78] 41 | 74. 98] 101 | 184. 71 

42 | 137. 80) 22. 97/| 102 12. 80| 102] 31. O9]] 42 | 76. 81|| 102 | 186. 54 

43 | 141. 08) 23. 51}; 103 13. 11] 103] 31. 39]} 43 | 78. 64/| 103 | 188. 37 

44 | 144. 36) 24. 06); 104 13. 41|| 104} 31. 70|} 44 | 80. 47)| 104 |. 190. 20 

45 | 147. 64| 24. 61]| 105 13. 72|| 105] 32. OO|] 45 | 82. 30]| 105 | 192. 02 

46 | 150. 92) 25. 15]} 106 14. 02|| 106] 32. 31]) 46 | 84. 12) 106 | 193. 85 

47 | 154, 20| 25. 70|| 107 14. 33]! 107] 32. 61l] 47 | 85. 95|| 107 | 195. 68 

48 | 157. 48] 26. 25]| 108 14. 63|| 108] 32. 92l]} 48 | 87. 78|| 108 | 197. 51 

49 | 160. 76] 26. 79|| 109 14. 94|| 109] 33. 22] 49 | 89. 61)| 109 | 199. 34 

50 | 164, 04} 27. 34)} 110 15. 24|| 110] 33. 53]/ 50 | 91. 44/| 110 | 201. 17 

51 | 167. 32) 27. 89]; 111 15. 54|| 111] 33. 83H 51 | 93. 27)) 111 203. 00 

52 | 170. 60) 28. 43)} 112 15. 85|| 112] 34. 14]| 52 | 95. 10)| 112 | 204. 83 

53 | 173. 88} 28. 98)} 113 16. 15|| 113] 34. 44]| 53 | 96. 93]) 113 | 206. 65 

54 | 177. 17| 29. 53}| 114 16. 46|| 114] 34. 75]| 54 | 98. 76/| 114 | 208 48 

55 | 180. 45} 30. 07}; 115 16. 76|| 115} 35. 05]] 55 |100. 58]; 115 | 210. 31 

56 | 183. 73) 30. 62|| 116 17. 07|| 116] 35. 36l) 56 |102. 41/| 116 | 212.14 

SC oeissOlote 7) 11d 17. 37|| 117] 35. 66] 57 |104. 24)) 117 | 218. 97 

58 | 190. 29] 31. 71]; 118 17. 68|| 118] 35. 97]| 58 |106. 07|) 118 | 215. 80 

59 | 193. 57| 32. 26)) 119 17. 98|| 119] 36. 27]| 59 |107. 90)| 119 | 217. 63 

60 | 196. 85) 32. 81|) 120 18. 29] 120} 36. 58]] 60 |109. 73)| 120 219. 46 
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TABLE 22 
Dip of the Sea Short of the Horizon 


Height of eye above the sea, in feet 
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TABLE 24 


Altitude Correction for Atmospheric Pressure 


Pressure in inches or millibars—Subtract correction from sextant or rectified altitude 
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TABLE 25 
Meridian Angle and Altitude of a Body on the Prime Vertical Circle 


Declination (same name as latitude) 


Latitude Latitude 
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Numbers in italics indicate nearest approach to prime vertical 
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Latitude 


TABLE 25 
Meridian Angle and Altitude of a Body on the Prime Vertical Circle 


Declination (same name as latitude) 


Latitude 
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TABLE 25 
Meridian Angle and Altitude of a Body on the Prime Vertical Circle 


Declination (same name as latitude) 


Latitude Latitude 
0 YD) O 190. 0 0 0. 0 ro bg) . O io) 0 
il 9 sgl 23 9 2.8 5a) Beil ale 6 i 
2 eee se, aU 9 6.6 10 40s Lo tt iz 
3 eds AS: eel 8 8.4 wo) a) -9 rata 3 
4 ales aA 9 8 11.2 wie) Zé Peed Lass 4 
5 t4 ‘ ae ee .8 14.1 5D WG mel 9 5 
6 cal A te ee, oS 17.0 ee} 5B a7 so 6 
7 nO. hi 0) co ie) 19. 9 Bs is) tee ~2 7 
8 <Gh A -6 aC} mg) 22. 9 PG ao} I Fe Bee) 8 
9 . 8 s 28. 7 2 ce, 25.9 29 a Bel : 6. 9 
10 ow ne. ae £0 Unb} 29. 0 1 mG RGF ra 10 
i. a3 ea, 9 be ie aw 82. 2 eo mG tt ee 11 
2, hag ne Mth me eh 3b. 5 me 4 fe . O ay 12 
13 B7 a!) a if 6 pel, 38.9 ~2 ag. 0 7 13 
14 ave) ye} a) mos oO. 3 a . 2 10) bo 14 
15 see 9 math Me} Ne p ti Bal 9 ey 15 
16 pi 6 ae “0 ad B ao. ae ol ae) 16 
ire 8 4 ae 9 Sf : kos 16 ae) 4 17 
18 . O Res 7h 8 eG b 9.6 Aye Gi Ba ~o 18 
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20 its) 9 . 2 . O . 0 418.5 |72.6 Bile 9 0) LZ 20 
21 nape 4 53) 9 . 6 | 0.0 (90. 0 Ee, bul 513) Lo 21 
22 eo ae . 4 th HOLS. | foe L . O . O 9 . O 22 
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30 eS, a 4 Waa! . 9 a2 45. 8 5 18) es) NYO .4 30 
31 a3 . 9 . 0 , i. 0 .6 44.1 el: a bal EY 31 
32 Bee ih . 6 .9 4 2 h ith . 0 2 ae) 32 
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37 3) . 9 8 Abie) Ae . 6 .6 . 5 ttt 5) 37 
38 4 Jae .9 .9 12 Awe 9 945) mal . 4 38 
39 . 3 . 4 8 4 ro 9 bel 5) 4 4 39 
40 22 wah . 8 4 .3 si .2 . 6 . 6 4 40 
41 me aaa 7 . 8 Ne 4 ae) Sh . 8 . 6 41 
42 . 8 au) 25 Ra hae) ad / 3 0 .9 Lt 42 
43 548) 9 He a) 0) me 53) Ke 9 5G) 43 
44 es 4 Pa | .9 .9 oO tar) . 6 9 2 44 
45 EO .9 . 9 4 vag 9 pe . 0 9 a) 45 
46 vat 4 . 6 a) . 4 4 .0 4 . 8 9 46 
47 4 . O a8 4 2 .9 .9 hat noth Sate) 47 
48 ae . 6 .9 . 0 . 9 .4 ef hes £50) i 48 
49 . 6 a 2G . 6 .6 : 2 . 4 129. 8 5) em 49 
50 2 8 2 a, w2 a) , 2 es Wal ay! 50 
52 aio Ap 24 .4 Oo ne 56 4 . 6 (29. 7 52 
54 = BS ; KM Bf na! . 0 9 6 0 iD 54 
56 as .9 . 6 ea 8 .4 v4 9 4 nal 56 
58 met) 4 . 6 . 6 9 8 . 4 2 . 6 4 58 
60 Laos . 9 RWS) Aaa .9 3 . 5 . 6 ais) i: 60 
65 G2) . 9 ites niu! a2 a2 al L 4 . 6 ri) 65 
70 nee 2 . 8 Ss 4 13 Bre +O ail . 6 70 
75 nil) / sai Be 7 4 hig 8 . 8 no) .9 75 
80 wil os 5 Ls Hawes a3 iO 4 aid, .4 80 
85 4 nol! poss ell 2 Beal . 0 Halk .9 ral 85 


Numbers in italics indicate nearest approach to prime vertical 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 


Latitude 


Azimuth 
angle 


0 0. 00 == 0. 00 = 0. 00 = 0. 00 = 0. 00 = 180 

1 0.02 | 57. 29 | 0.02 | 57. 32 | 0. 02 | 57. 43 0. 02 | 57. 61 0. 02 | 57. 85 179 
2 0.03 | 28. 64 | 0.03 | 28.65 | 0.03 | 28. 71 0.03 | 28. 79 0. 03 | 28. 92 178 
3 0.05 | 19.08 | 0.05 | 19.09 | 0.05 | 19. 13 0.05 | 19.19 0. 05 |. 19. 27 NAPs 
4 0.07 | 14. 30 | 0.07 | 14.31 | 0.07 | 14. 34 0.07 | 14. 38 0. O7 | 14. 44 176 
5 0.09 | 11.43 | 0.09 | 11.44 | 0.09 | 11. 46 0. 09 | 11. 49 0.09 | 11. 54 175 
6 0. 11 925L 1 0. 11 9.52 | 0. 10 9. 54 0. 10 9. 57 0. 10 9. 61 174 
7 0. 12 8. 14 | 0. 12 8.15 | 0. 12 8. 16 0. 12 8.19 O12 8. 22 173 
8 0. 14 7. 12 | 0. 14 7.12 | 0. 14 7. 13 0. 14 Uo NS 0. 14 ie iM 172 
9 0. 16 6. 31 | 0. 16 6. 32 | 0. 16 6. 33 0. 16 6..35 0. 16 6. 38 171 
10 0. 18 5. 67 | 0. 18 5. 68 | 0. 18 5. 69 0. 18 5. 70 0. 17 5. 73 170 
12 0. 21 4. 70 } 0. 21 4.71 | 0. 21 4, 72 0. 21 4. 73 0. 21 4. 75 168 
14 0. 25 4.01 | 0. 25 4.01 } 0. 25 4, 02 0. 25 4. 03 0. 25 4. 05 166 
16 0. 29 3. 49 | 0. 29 3. 49 | 0. 29 3. 50 0. 28 3. 51 0. 28 3. 52 164 
18 0. 32 3. 08 | 0. 32 3. 08 | 0. 32 3. 08 0. 32 3. 10 0. 32 3. 11 162 
20 0. 36 2.75 | 0. 36 2.75 | 0. 36 2. 75 0. 36 2. 76 0. 36 2507 160 
22 0. 40 2.48 | 0. 40 2.48 | 0. 40 2. 48 0. 40 2. 49 0. 40 2. 50 158 
24 0. 45 2.25 | 0. 44 2.25 | 0. 44 2. 25 0. 44 2. 26 0. 44 2. 27 156 
26 0. 49 2.05 | 0. 49 2.05 | 0. 49 2. 05 0. 49 2. 06 0. 48 2. O7 154 
28 0. 53 1. 88 | 0. 53 1. 88 | 0. 53 1. 88 0. 53 1. 89 0. 53 1. 90 152 
30 0. 58 1.73 | 0. 58 1.73 | 0. 57 1. 74 0. 57 1. 74 0. 57 ils ZAS 150 
32 0. 62 1. 60 | 0. 62 1..60 | 0. 62 1. 60 0. 62 ligGy! 0. 62 1. 62 148 
34 0. 67 1. 48 | 0. 67 1. 48 | 0. 67 1. 49 0. 67 1. 49 0. 67 1. 50 146 
36 0. 73 1. 38 | 0. 73 1. 38 | 0. 72 1. 38 0. 72 1. 38 0. 72 1. 39 144 
38 0. 78 1. 28 | 0. 78 1. 28 | 0. 78 1. 28 0. 78 1. 29 0. 78 1. 29 142 
40 0. 84 1.19 | 0. 84 1.19 | 0. 84 1. 19 0. 83 1. 20 0. 83 1. 20 140 
42 0. 90 1.11 | 0. 90 1.11 | 0.90 1.11 0. 90 i 22 0. 89 1.12 138 
44 0. 97 1. 04 | 0. 97 1. 04 | 0. 96 1. 04 0. 96 1. 04 0. 96 1. 05 136 
46 1. 04 0.97 | 1. 04 0.97 } 1. 03 0. 97 1. 03 0. 97 1. 03 0. 98 134 
48 Ue WE OS kOe | ale 0.90 7 1. 11 0. 90 1. 11 0. 90: 1. 10 0. 91 132 
50 1.19 0. 84 | 1. 19 0. 84 | 1.19 0. 84 Ail) 0. 84 SS 0. 85 130 
52 1. 28 0. 78 | 1. 28 0. 78 | 1. 28 0. 78 1, 27 0. 79 1. 27 0. 79 128 
54 1. 38 0. 73 | 1. 38 ON73) [37 0. 73 1. 37 0. 73 1. 36 0. 73 126 
56 1. 48 0. 67 | 1. 48 0. 67 | 1. 48 0. 68 1. 47 0. 68 1, 47 0. 68 124 
58 1. 60 0. 62 | 1. 60 0. 63 | 1. 60 0. 63 1. 59 0. 63 1. 58 0. 63 122 
60 1°73 0. 58 | 1. 73 0. 58 | 1. 73 0. 58 1. 72 0. 58 es 0. 58 120 
62 1. 88 0. 53 | 1. 88 0. 53 | 1. 88 0. 53 1. 87 0. 53 1. 86 0. 54 118 
64 2. 05 0. 49 | 2. 05 0. 49 | 2.05 0. 49 2. 04 0. 49 2. 03 0. 49 116 
66 2, 25 0. 45 | 2. 24 0. 45 | 2. 24 0. 45 2. 23 0. 45 2. 22 0. 45 114 
68 2. 48 0. 40 | 2. 47 0. 40 | 2. 47 0. 40 2. 46 0. 40 2. 45 0. 41 112 
70 2. 75 0. 36 | 2. 75 0.36 | 2. 74 0. 36 2. 73 0. 37 eel (> 0. 37 110 
72 3. 08 0. 32 | 3. 08 0. 33 | 3. 07 0. 33 3. 06 0. 33 3. 05 0. 33 108 
74 3. 49 0. 29 | 3. 49 0. 29 | 3. 48 0. 29 3. 47 0. 29 3. 45 0. 29 106 
76 4.01 0. 25 | 4. 01 0. 25 | 4. 00 0. 25 3. 99 0. 25 3. 97 0. 25 104 
78 4, 70 0. 21 | 4. 70 0. 21 | 4. 69 0. 21 4. 68 0. 21 4. 66 0. 21 102 
80 5. 67 0.18 | 5. 67 0.18 | 5. 66 0. 18 5. 64 0. 18 5. 62 0. 18 100 
81 6. 31 0.16 | 6.31 0. 16 | 6. 30 0. 16 6. 28 0. 16 6. 25 0. 16 99 
82 Cal 0.14 | 7. 11 0.14 | 7. 10 0. 14 7. 07 0. 14 7. 05 0. 14 98 
83 8. 14 0.12 | 8. 14 0.12 | 8.12 0. 12 8. 10 0. 12 8. 07 0. 12 OF 
84 9. 51 0.11] 9. 51 0. 11 | 9. 49 OF 1 9. 46 0. 11 9. 42 Om 96 
85 11. 43 0. 09 f11. 42 0. 09 J11. 40 0. 09 | 11. 37 0.09 | 11. 32 0. 09 95 
86 14. 30 0. 07 414. 29 0. O7 414. 27 0. 07 | 14. 22 0. O7 | 14. 16 0. 07 94 
87 19. 08 0. 05 419. 07 0. 05 419. 03 0. 05 | 18. 98 0.05 | 18. 91 0. 05 93 
88 28. 64 0. 03 $28. 62 0. 03 128. 57 0. 03 | 28. 48 0. 03 | 28. 36 0. 03 92 
89 57. 29 0. 02 [57. 26 0. 02 [57. 15 0. 02 | 56. 98 0. 02 | 56. 73 0. 02 91 
90 — 0. 00 —= 0. 00 == 0. 00 a 0. 00 — 0. 00 90 

0° 9° 4° 6° 8° 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 


Latitude 
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TABLE 26 
Latitude and Longitude Factors 

f, the change of latitude for a unit change in longitude 

F, the change of longitude for a unit change in latitude 


Latitude 


Azimuth 
angle 


0 0. 00 — 0. 00 == 0. 00 — 0. 00 aa 0. 00 a 180 
1 0. 02 | 60.97 | 0.02 | 61.79 | 0. 02 | 62. 71 0. 02 | 63. 74 0. 02 | 64. 88 179 
2 0.03 | 30.47 | 0.03 | 30.89 | 0.03 | 31. 35 0.03 | 31. 86 0. 03 | 32. 43 178 
3 0.05 | 20. 31 | 0.05 | 20.58 | 0.05 | 20. 89 0.05 | 21. 23 0.05 | 21. 61 a rer 
4 0. 07 | 15. 22 | 0.06 | 15.42 | 0.06 | 15. 65 0.06 | 15. 91 0. 06 | 16. 20 176 
5 0.08 | 12.16 | 0.08 | 12.33 | 0.08 | 12. 51 0.08 | 12. 72 0.08 | 12. 95 175 
6 0.10 | 10.12 [0.10 | 10.26 | 0.10 | 10. 41 0. 09 | 10. 59 0.09 | 10. 78 174 
7 0. 12 8. 67 | 0. 11 8.78 | 0. 11 8. 91 0. 11 9. 06 0. 11 9. 22 173 
8 0. 13 7. 57 | 0.13 7. 67 | 0.13 7. 79 0. 13 (oy 0. 12 8. 06 172 
9 0. 15 6. 72 | 0. 15 6. 81 | 0. 14 6. 91 0. 14 7. 02 0. 14 pes) 171 
10 | 0.17 6. 03 | 0. 16 6. 12 | 0. 16 6. 21 0. 16 6. 31 0. 16 6. 42 170 
12 0. 20 5. O1 | 0. 20 5. O07 | 0. 19 5. 15 0. 19 5. 23 0. 19 5. 33 168 
14 0. 23 4, 27 | 0. 23 4, 33 | 0. 23 4. 39 0. 22 4. 46 0. 22 4, 54 166 
16 0. 27 3. (1 | 0. 27 3. 76 | 0. 26 3. 82 0. 26 3. 88 0. 25 3. 95 164 
18 0. 30 3. 28 | 0. 30 3. 32 | 0. 30 3. 37 0. 29 3. 42 0. 29 3. 49 162 
20 0. 34 2.92 | 0. 34 2. 96 | 0. 33 3. O1 0. 33 3. 06 0. 32 Sli 160 
22 0. 38 2. 63 | 0. 38 2. 67 | 0. 37 2 Viel 0. 36 2. 75 0. 36 2. 80 158 
24 0. 42 2.39 | 0. 41 2.42 | 0. 41 2. 46 0. 40 2. 50 0. 39 2. 54 156 
26 0. 46 2.18 | 0. 45 2.21 | 0. 45 2. 24 0. 44 2. 28 0. 43 2. 32 154 
28 0. 50 2. 00 | 0. 49 2.03 | 0. 49 2. 06 0. 48 2. 09 0. 47 2. 13 152 
30 0. 54 1. 84 | 0. 53 1. 87 | 0. 53 1. 90 0. 52 1. 93 0. 51 196 150 
32 0. 59 1. 70 | 0. 58 1.73 | 0. 57 1. 75 0. 56 1. 78 0. 55 t.84 148 
34 0. 63 1. 58 | 0. 63 1. 60 | 0. 62 1. 62 0. 61 1. 65 0. 60 1. 68 146 
36 0. 68 1. 47 | 0. 67 1. 48 | 0. 66 1.51 0. 65 1. 53 0. 64 1. 56 144 
38 0. 74 1. 36 | 0. 72 1. 38 | 0. 71 1. 40 0. 70 1. 42 0. 69 1. 45 142 
40 0. 79 1. 27 | 0. 78 1. 28 | 0. 77 1. 30 0. 75 1. 33 0. 74 1. 35 140 
42 0. 85 1.18 | 0. 83 1. 20 | 0. 82 1. 22 0. 81 1. 24 0. 79 1. 26 138 
44 0. 91 1. 10 | 0. 90 1.12 | 0. 88 1. 13 0. 87 3) 0. 85 Emig 136 
46 0. 97 1.03 | 0. 96 1. 04 | 0.95 1. 06 0. 93 1. 07 0. 91 1. 09 134 
48 1. 04 0. 96 |.1. 03 0.97 | 1.02 0. 99 1. 00 1. 00 0. 98 1. 02 132 
50 1. 12 0. 89 | 1. 10 0. 91 | 1. 09 0. 92 1. 07 0. 93 1. 05 0. 95 130 
52 1. 20 0. 83 | 1. 19 0. 84 | 1.17 0. 85 1.15 0. 87 1. 13 0. 88 128 
54 1, 29 0. 77 | 1. 28 0.78 | 1. 26 0. 79 1, 24 0. 81 1. 22 0. 82 126 
56 1. 39 0. 72 | 1. 38 0.-73 | 1.35 0. 74 1. 33 0. 75 1. 31 0. 76 124 
58 1.50 | 0. 66 | 1. 48 0. 67 | 1. 46 0. 68 1. 44 0. 70 1. 41 0. 71 122 
60 1. 63 0. 61 | 1. 61 0. 62 | 1. 58 0. 63 1. 56 0. 64 1. 53 0. 65 120 
62 ig 0.57 | 1. 74 0. 57 | 1. 72 0. 58 1. 69 0. 59 1. 66 0. 60 118 
64 193 0. 52 | 1. 90 0.53 | 1. 87 0. 53 1. 84 0. 54 1. 81 0. 55 116 
66 2) 0.47 | 2.08 0. 48 | 2.05 0. 49 2. 02 0. 50 1. 98 0. 50 114 
68 | 2.33 | 0.43 | 2. 30 0. 44 | 2. 26 0. 44 2. 23 0. 45 2. 18 0. 46 112 
70 2. 58 0. 39 | 2. 55 0, 39 | 2.51 0. 40 2, 47 0. 40 2. 43 0. 41 110 
72 2. 89 0. 35 | 2. 85 0.35 | 2. 81 0. 36 PTE 0. 36 2.02 0. 37 108 
74 3. 28 0. 31 | 3. 23 0.31 | 3. 19 0. 31 3. 14 0. 32 3. 08 0. 33 106 
76 3. 77 0. 27 | 3. 72 0. 27 | 3. 66 0. 27 3. 61 0. 28 3. 54 0. 28 104 
_ %8' | 442 0. 23 | 4. 36 0. 23 | 4. 30 0. 23 4, 23 0. 24 4.15 0. 24 102 
80 5. 33 0.19 | 5. 26 0.19 | 5.18 0. 19 5. 10 0. 20 5. O1 0. 20 100 
81 5. 93 0. 17 | 5. 86 OR | eis Are 0.17 5. 68 0. 18 5. 58 0. 18 99 
82 6. 69 0. 15 | 6. 60 0. 15 | 6. 50 0. 15 6. 40 0. 16 6. 28 0. 16 98 
83 7. 65 0.13 } 7. 55 0.13 ] 7. 44 0. 13 7.32 0. 14 7. 19 0. 14 97 
84 8. 94 0. 11 | 8. 82 0. 11 | 8. 69 0. 12 8. 55 0. 12 8. 40 0. 12 96 
85 10. 74 0. 09 410. 60 0. 09 10. 44 0. 10 | 10. 26 0. 10 | 10. 09 0. 10 95 
86 13. 44 0. O07 413. 26 0. 08 413. 07 0.08 | 12. 86 0. 08 | 12. 63 0. 08 94 
87 1793 0. 06 417. 69 0. 06 17. 43 0. 06 | 17. 15 0. 06 | 16. 85 0. 06 93 
88 26. 91 0. 04 926. 55 0. 04 26. 16 0. 04 | 25. 74 0. 04 | 25. 28 0. 04 92 
89 53. 84 0. 02 53. 12 0.02 52. 33 0. 02 | 51. 50 0. 02 | 50. 58 0. 02 91 
90 = 0. 00 = 0. 00 == 0. 00 = 0. 00 == 0. 00 90 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 


Latitude 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 


Latitude 
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TABLE 26 


Latitude and Longitude Factors 
f, the change of latitude for a unit change in longitude 
F, the change of longitude for a unit change in latitude 


Latitude 

- Azimuth 

fenee 60° 62° 64° 66° 68° “angle 
f F f F f F f F f F 
0 SOON) Fs 0. 00 = 0. 00 a 0. 00 => 0. 00 aT 180 
1 0.01 |114.58 | 0.01 |122.03 | 0.01 |130.69 | 0.01 |140.85 | 0.01 /|152. 93 179 
2 0.02 | 57. 27 | 0.02 | 61.00 | 0.02 | 65.32 | 0.01 | 70.40] 0.01 | 76. 44 178 
3 0.03 | 38.16 | 0.02 | 40. 64 | 0.02 | 438.53 | 0.02 | 46.91 0. 02 | 50. 94 a7 
4 0. 03 | 28.60 | 0.03 | 30.46 | 0.03 | 32.62 | 0.03 | 35.16] 0.03 | 38.18 176 
5 0.04 | 22. 86 | 0.04 | 24.35 | 0.04 | 26.07 | 0.04 | 28.10] 0.03 | 30.51 175 
6 0.05 | 19.03 | 0.05 | 20.27 | 0.05 | 21.70 | 0.04 | 23.39 | 0.04 | 25. 40 174 
7 0. 06:; 16.29 | 0.06 | 17.35] 0.05 | 18.58 |. 0.05 | 20.02] 0.05 | 21.74 173 
8 0.07 | 14.23 | 0.07 | 15.16 }] 0.06 | 16.23 | 0.06 | 17.49] 0.05 | 18.99 172 
9 0. 08 | 12. 63 | 0.07 | 13.45 | 0.07 | 14.40 | 0.06 | 15.52] 0.06 | 16. 85 Lal 
10 0.09 | 11. 34 | 0.08 | 12.08 | 0.08 | 12. 94 0.07 | 13.94] 0.07 | 15. 14 170 
12 Oni 9.41 | 0.10 | 10.02 | 0.09 | 10.73 | 0.09 | 11.57] 0.08 | 12.56 168 
14 O212 | 8502 | 0512-| 8.54) Q@ 11 9.15 | 0.10} 9.86] 0.09 | 10.71 166 
16 0. 14 6.97 | 0.13 | 7.43 | 0.13 @ 96 fy 10nt2 Saovolt O11 9. 31 164 
18 OF 16 |) 6515 [TOS V5s) 67565) OF 14 4. 02}, (0503 7.57 | 0. 12 8. 22 162 
20 O18 | 5:49 | 0217, 5,85 O16 | 6.27 V Onis) 6.754) Ont4 7. 33 160 
22 O20 || 4595 [iON 19: || 15527e1 0.18 | 5. 65 | 10n16 6. 09 0. 15 6. 61 158 
24 0.22 | 4.49 } 0. 21 A578} 0.20 | 5.12 | OF185) 5252)12-0-17 6. 00 156 
26 0.24 | 4.10] 0.23 | 4.37] 0.21 £..68 |p 205208) 7on04e05 OF 0s. |) sata 154 
28 OR 27 11 3506 (105255) 4a0Ta) 0123) 4.29) 1) 108225) 4562 0. 20 5. 02 152 
30 0.29 | 3.46] 0.27 | 3.6910.25 | 3.95] 0.23) 4.261 0.22) 4.62 150 
32 0. 31 3.20 | 0.29 | 3.41] 0.27 | 3.65] 0.25 | 3.93] 0.23 4, 27 148 
34 0.34 |) 2°96 110,32°) (321651 @.30 ) 3.38 | 0,275) (3265 0. 25 3. 96 146 
36 0.36 | 2.75] 0.34 | 2.93] 0.32 | 3.14] 0.30/ 3.38] 0.27 3. 67 144 
38 Ob39 |) 2556 [10n37e|_ 2: 735).0.34 4 2:92) ], 10s32 3.15 | 0.29 | 3.42 142 
40 0242 | 2:38 770;39.| 275451 0. 37k 2-72 Kc 10,34 | “2593517 Os3t 3. 18 140 
42 O45 | 2:22 |70p42)| 25375) 0.39 |} 2.58 — 10.8%) 2a7B.0) O34 2. 96 138 
44 0.48 | 2:07 110.45'| 2.21 10.42] 2.36] 0.39] 2.55] 0.36 | 2.76 136 
46 0. 52 1.93 | 0.49 | 2.06] 0.45 | 2.20] 0.42] 2.371 0.39 2. 58 134 
48 | 0. 56 1. 80 | 0. 52 £920). 0) 49 | 2.05 | 105459) 12507 0. 42 2. 40 132 
50 0. 60 1. 68 | 0. 56 1.79] 0. 52 1. 91 0.48 | 2.06] 0.45 2. 24 130 
52 0. 64 1. 56 | 0. 60 1. 66 | 0. 56 VCS ORS 2 1.92 | 0.48] 2.09 128 
54 0. 69 1. 45 | 0. 65 1.55 | 0. 60 1.66] 0.56 1. 79 0. 52 1. 94 126 
56 0. 74 1. 35 | 0. 70 1. 44 | 0. 65 1.54] 0. 60 1.66] 0. 56 1. 80 124 
58 | 0. 80 1. 25 | 0. 75 1. 33 | 0. 70 1.43 | 0. 65 1.54 | 0. 60 1. 67 122 
60 0. 87 1.15 | 0. 81 1. 23 | 0. 76 1.32] 0.70 1.42] 0.65 1. 54 120 
62 0. 94 1. 06 | 0. 88 1.13 | 0. 82 1, 21 0. 76 1. 31 0. 70 1. 42 118 
64 1.03 | 0.97 | 0.96 1. 04 | 0. 90 Tal 0. 83 AO One 1. 30 116 
66 1.12) 0.89] 1.05 | 0.95 | 0.98 V. 02 | 70991 1.09] 0. 84 1.19 114 
68 1:24 | O81 | detey| 0286;] 1.09 ), 0.92 1. 01 0.99 | 0.93 1. 08 112 
70 1.37 | 0.73 | 1.29 | 0.7817 1.20] 0.83 1.12 | 0.89 1.03 | 0.97 110 
72 1.54] 0.65] 1.44} 0.69] 1.35] 0.74 1.25 | 0.80 1S |) Os Si 108 
74 174 | O57 [11.64 0:61] 1.53 | 0. 65 1.42 | 0.70 1.31 On tal 106 
76 2. 01 OF 50! (15883) (0L535] 176) 0.5% 1.63 | 0.61 1. 50 0. 67 104 
78 | 2.35 | 0.42 | 2.21 | 0.45] 2.06 | 0.48 1. 91 0. 52 1. 76 OY 102 
80 2.84; 0.35 |] 2.66 | 0.38] 2.49 | 0.407 2.31 0.43 | 2.12-) 0.47 100 
81 3.16 | 0:32 [)2:96)) 0.34:12.77 ) 6.36 | (2:57) 0039-1) 2.37 0. 42 99 
82 3.56 | 0.28 | 3.34 | 0.30] 3.12 | 0.32 2.89 | 0.35] 2. 67 0. 38 98 
83 4,07 | 0:25 [13:82)| (0:26 | 3.57 | 0.28] §3,31 0.30 7 3.05 0. 33 97 
84 4.76 | 0321 ['4540)| 0:22:1 4.17 |, 0. 24 3.87) | 0.26 | 3.56 0. 28 96 
85 oD (2 |} OFT Pays ONION 5. 01 0.20] 4.65 | 0.22] 4.28 0. 23 95 
86 we US |) OF 14) (PGs il 0.15 | 6.27 | 0.16 0. 82)|/ O17 | 5.36 0. 19 94 
387 9.54 | 0.10] 896 | 0.111836) 0.12 dG. Moy) O18} dey 1S 0. 14 93 
88 14.32 | 0.07 [13.44 | 0.07 [112.55 | 0.08] 11.65 | 0.09] 10.73 0. 09 92 
89 = 28.65 | 0.03 [26.90 | 0.04 [25. 11 0. 04 | 23.30 | 0.04 | 21. 46 0. 05 91 
90 = 0.00 | — 0.00 | — 0. 00 “= 0. 00 = 0. 00 90 
60° 62° 64° 66° 68° 
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TABLE 27 
Amplitudes 
Declination 
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TABLE 27 
Amplitudes 
Declination 
Latitude Latitude 
6°0 | 625 | 7290 | 725 | 8°90 | 8°5 | 9°0 | 9°5 | 10°0 | 10°5 | 11°0 
650) 675 720 Wo V8 S0F 8.45: 1190 Oa 10! 10:45 1150 
GAL | (626 |) 720 | V6 n Sot 8.46 | Oe | FONG RTO so 10674 1 
6.2 | 67) 7.2) 7.8] 83] 88] 9.3 | 9.8 /10. 4 |10. 9 /11. 4 
6.4) 69] 7.5] 80] 85] 9.0] 9.6 |10.1 /10.6 /11. 2 111. 7 
66] 72 el SHS S80 Oe4 | OOS TORS aie ete 12)-2 
629 17.85 | Sbal Ser O22 A OeS) 1104 a lO miter Sol | Lede) 
del WAC VW 883) 829) 1924 11080 11OGa tl 2 ese ioe) 13) 0 
Ue2 Wiley | Som) O61) Boat LOSS) 110 0m ese wl mone alos 
(ANSON SAG | 2953 WeOKON1025 11 e1e 1 eS) ees aie son 13.6 
7.6 | 8.3) 89 | 9.5 1102 110.8 111.5 112. 1 1127 113. 4°114 0 
We 8 || 8.20) ft 925 O58 10 eel Sele Se isese tae. 
8.1 | 8.8 | 9.4 |10.1 |10. 8 ]11. 5 |12. 1 112.8 113.5 114.2 114.9 
8.4) 951 1928511055) M2 V1 9) 1126 13350 Ae relioee. 
8.7 | 9.4 |10.1 {10.8 }11. 6 112.3 113.0 113.7 1174 5 115.2 115.9 
950) 980 \LOs5 11-2120 1258 18650 14s ONS esl LENG 
94 }TO.1 |1O%9 111. 7 112.95 113.03 (14.0 1149 11587 1165 1117..3 
9.6 |10. 4 /11.2 |12.0 /12. 8 |13. 6 |14. 4 ]15. 2 116. 0 116. 8 |17. 7 
9.8 |10.6 |11. 4 /12.2 /13.1 113.9 114. 7 115. 6 116.4 117. 2 118.1 
ONO TONS VLE 7 25 5s i S.e4 142) 5 5,0) eas ize Gull ses 
10. 2 }11. 1 J12. 0 |12. 8 13. 7 |14. 6 |15. 4 116. 3 1/17. 2 118.1 118.9 
10.5 j11. 4 |12. 3 ]18.2 |14.0 {14.9 115.8 |16. 7 117.6 118.5 |19. 4 
10.8 /11. 7 |12. 6 |13. 5 |14. 4 15. 3 |16. 2 117. 2 |18. 1 119. 0 20.0 
11.1 12.0 |12.9 /13.9 |14. 8 ]15.7 |16. 7 |17.6 118. 6 119. 6 120.5 
Tle 4 112. 3! 113.3 414.3 115.-2116.2 117..9°|18.4 119.4 120.4 jot.7 
Ve 7 112.07! 187 114.7 115.7 116.°7 117.7) 118.4 119.7 1296.97 |21.-7 
12.1 |13. 1 |14. 1 /15. 1 /16. 2 ]17. 2 18. 2 |19.3 |20. 3 |21. 4 |22. 4 
12.5 |13. 5 |14. 6 /15. 6 |16. 7 |17. 8 |18.8 119.9 |21.0 |22.1 23. 2 
12.9 |14.0 /15. 0 /16.1 17.2 |18. 4 /19.5 |20.6 |21. 7 22. 8 |24. 0 
13.3 |14. 4 |15. 6 /16. 7 |17. 9 |19. 0 20. 2 |21. 3 |22. 5 |23. 7 24.9 
13. 8 /15.0 |16. 2 |17. 3 |18.5 |19. 7 20.9 |22. 1 |23. 3 |24.6 25. 8 
65.0 [14.3 |15.5 /16.8 {18.0 |19. 2 |20.5 |21. 7 123.0 24.3 |/25.5 |26. 8 |28.1 |29.5 | 65.0 
65.5 [14.6 |15. 8 /17. 1 118.3 /19. 6 |20. 9 |22. 2 |23 5 |24. 8 |26. 1 |/27. 4 |28. 7 /30.1 ] 65.5 
66.0 [14.9 /16. 2 /17. 4 |18. 7 |20.0 /21. 3 |22.6 23.9 |25. 3 |26. 6 |28. 0 |29. 4 |30. 7 | 66.0 
66.5 ]15.2 |16.5 |17.8 |19. 1 /20. 4 |21. 8 |23. 1 24 5 |25. 8 |27. 2 |28. 6 |30.0 |31. 4 | 66. 5 
67.0 |15.5 /16.8 |18. 2 /19.5 |20, 9 |22. 2 23. 6 |25. 0 |26. 4 |27. 8 |29. 2 130. 7 132.1 | 67.0 
67.5 15.9 /17. 2 /18. 6 |19. 9 |21. 3 122. 7 124. 1 25. 5 |27.0 |28. 4 |29.9 |31. 4 1382.9 | 67.5 
68.0 16.2 17.6 |19. 0 /20. 4 /21. 8 |23. 2 |24. 7 26. 1 |27.6 |29. 1 |30. 6 |32. 2 |33. 7 | 68. 0 
68.5 [16.6 |18.0 |19. 4 |20.9 |22. 3 23.8 25. 3 /26. 8 |28. 3 |29.8 /31. 4 |33. 0 134.6 | 68.5 
69.0 [17.0 |18. 4 |19.9 |21. 4 |22.9 |o4. 4 25. 9 |27. 4 |29. 0 |30. 6 132. 2 133.8 135.5 | 69.0 
69.5 17. 4 |18. 9 |20. 4 /21. 9 |23. 4 |25.0 26.5 |28. 1 /29. 7 |31. 4 |33. 0 134. 7 136.4 | 69.5 
70.0 417.8 /19. 3 /20. 9 |22. 4 |24. 0 |25. 6 27. 2 |28.9 |30.5 |32. 2 |33. 9 |35. 7 137.4 | 70.0 
70.5 $18.2 |19. 8 /21. 4 123.0 |24.6 26. 3 |27. 9 |29. 6 |31.3 |33. 1 /34.9 136.7 138.5 1 70.5 
71.0 18. 7 |20.3 |22. 0 |23. 6 |25. 3 127.0 28. 7 |30. 5 |32. 2 |34.0 135.9 137.8 139.71 71.0 
71.5 19. 2 /20.9 |22. 6 |24. 3 [26.0 |27. 8 129.5 31.3 |33. 2 |35.1 137.0 |38. 9 140.9 | 71.5 
72.0 |19. 8 |21.5 |23.2 |25.0 |26. 8 128. 6 30. 4 |32. 3 /34. 2 |36.1 138.1 |40.2 |42.3 | 72.0 
72.5 [20.3 |22.1 123.9 125. 7 127.6 29. 4 (31.3 |33. 3 /35. 3 /37. 3 139. 4 141.5 |43. 71 72.5 
73.0 [20.9 |22. 8 |24.6 [26.5 |28. 4 /30. 4 32.3 /34. 4 |36. 4 |38. 6 |40.7 |43.0 145.3 | 73.0 
73.5 421. 6 |23. 5 |25. 4 |27. 4 129.3 31. 4 33. 4 |35. 5 |37. 7 139. 9 142. 2 144. 6 147.1 73. 5 
74.0 |22. 3 |24. 2 |26. 2 128. 3 |30. 3 32. 4 |34. 6 |36. 8 |39.0 |41. 4 43. 8 146.3 149.0 | 74.0 
74.5 [23.0 |25. 1 127.1 |29. 3 |31. 4 33. 6 /35. 8 |38. 1 |40.5 |43.0 145. 6 148. 2 151.1 74.5 
75. 0 23. 8 25.9 |28. 1 |30.3 |32. 5 134. 8 137. 2 139.6 |42. 1 44.8 |47.5 150.4 |53.4 | 75.0 
75. 5 24, 7 26. 9 29. 1 /31. 4 |33. 8 |36. 2 |38. 7 141.2 |43.9 46. 7 |49. 6 [52.8 156.1 ] 75.5 
76.0 [25.6 |27. 9 |30. 2 132.7 135.1 37. 7 |40. 3 |43. 0 145. 9 148.9 [52.1 155.5 159.3 76. 0 
76.5 [26.6 29.0 |31.5 |34.0 136.6 39. 3 |42.1 |45. 0 /48. 1 /51.3 154. 8 158. 7 163.0 76. 5 
77.0 427.7 13022 132.8 135.5 38. 2 |41. 1 |44. 1 |47. 2 150.5 |54.1 158.0 62. 4 |67.6 | 77.0 
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TABLE 27 
Amplitudes 


Declination 
Latitude Latitude 
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TABLE 27 
Amplitudes 


Declination 


Latitude i) oe ee eel ( Pree ree Pe ee meen °F o> Atel Sell PelF Bair Latitude 
18°0] 18°5 | 19°0} 19°5 | 20°0| 20°5 | 21°0| 21°5 | 22°0| 22°5 | 23°0 | 23°5 | 24°0 

18. 0 /18. 5 |19. 0 |19. 5 |20. 0 |20. 5 121. 0 |21. 5 122. 0 |22. 5 123.0 |23.5 24.0] oO 

18. 3 |18. 8 ]19. 3 |19. 8 |20. 3 |]20. 8 |21. 3 |21. 8 |22. 4 22.9 |23. 4 123.9 |24.4 | 10 

19. 2 |19. 7 |20. 2 /20. 7 |21. 3 |21. 8 |22. 3 |22. 8 |23.3 |23.9 124. 4 24.9 | 15 

19. 7 |20. 3 |20. 8 |21. 3 |21. 9 |22. 4 |23. 0 |23. 5 |24. 0 |24. 6 |25.1 125.6 | 20 

20.5 |21. 1 {21.6 |22. 2 |22.7 |23.3 |23. 9 |24. 4 |25.0 |25.5 126.1 126.7 | 25 

21.5 |22.1 |22.7 |23.3 |23.9 |24. 4 |25.0 |25. 6 |26. 2 |26.8 |27. 4 128.0 | 30 

22. 0 /22. 6 |23. 2 |23. 8 |24. 4 |25. 0 |25. 6 126. 2 126.8 |27. 4 |28.0 |28.7 | 32 

22.5 |23. 1 |23. 7 |24. 4 |25. 0 |25. 6 |26. 2 126.9 127.5 |28. 1 |28. 7 |29. 4 | 34 

23.1 |23. 7 |24. 4 |25.0 125. 7 |26.3 |26.9 |27.6 |28. 2 |28.9 |29.5 |30.2 | 36 

23.°7 124.4) 25.50 |2527 126.4 127.1 127.97 128.54 120. 1207 130.24 190-38 

24. 5 125. 2 125. 8 |26.5 |27. 2 127.9 128.6 |29.3 |30.0 130. 7 131. 4°/32. 1 | 40 

24. 9 |25. 6 |26. 3 |26. 9 |27. 6 |28. 3 /29. 1 /29.8 |30.5 |31. 2 131. 9 |32.6 ] 41 

25. 3 |26. 0 |26. 7 |27. 4 |28. 1 /28.8 |29. 5 130.3 31.0 |31. 7 132. 5 133.2 | 42 

25.7 |26. 4 |27. 2 |27.9 |28.6 |29. 3 |30. 1 |30.8 |31. 6 |32. 3 133.0 133.8 | 43 

26. 2 |26.9 |27. 6 /28. 4 |29.1 |29. 9 |30.6 |31. 4 132. 1 |32.9 133.7 134.4 | 44 

26. 7 |27. 4 |28. 2 28.9 |29.7 |30. 5 |31. 2 |32. 0 [32.8 133.5 |34.3 |35.1 | 45 

27. 2 |27.9 |28. 7 |29.5 |30. 3 31. 1 131. 8 132.6 |33. 4 |34. 2 135.0 |35.8 | 46 

27.7 |28.5 |29. 3-/30. 1 130.9 |31. 7 |32.5 133.3 134. 1-135. 0 135.8 136.6 | 47 

28. 3 |29. 1 |29.9 |30. 7 |31. 6 |32. 4 |33. 2 134.0 |34.9 135.7 |36. 6 137. 4 | 48 

28. 9 |29. 8 |30. 6 /31. 4 |32. 3 /33. 1 134.0 134.8 135. 7 |36. 6 137. 4 138.3 | 49 

29. 6 |30. 4 |31. 3 |32. 1 |33. 0 |33. 9 134.8 135. 6 136.5 |37. 4 138.3 |39.3 | 50 

30. 3 |31. 2 |32. 0 |32.9 |33. 8 [34.7 |35. 6 |36.5 |37. 5 138. 4 139.3 [40.3 | 51 

31.0 /31. 9 |32. 8 133. 7 134. 7 135.6 136.5 |37.5 138. 4 139. 4 |40. 4 141.3 | 52 

31. 8 |32. 8 |33. 7 134. 6 135. 6 |36. 5 137.5 138.5 139.5 |40.5 1/41. 5 |42.5 1 53 

32. 7 133. 6 134. 6 |35. 6 /36. 6 137. 6 |38. 6 |39.6 |40.6 |41. 7 |42.7 143.8 1 54 

. 6 133. 6 /34. 6 135. 6 |36. 6 |37. 6 138. 7 139.7 140.8 141.9 |42.9 144.0 |45.2 | 55 

. 5 |84. 6 |35. 6 |36. 7 |37. 7 138.8 |39.9 |41.0 142. 1 [43.2 |44.3 145. 5 146.7 1 56 

. 6 |35. 6 |36. 7 |37. 8 |38.9 /40.0 |41. 1 142.3 [43.5 |44.6 145.8 147.1 148.3 | 57 

7 |36. 8 |37. 9 |39. 1 |40.2 |41. 4 |42. 6 |43. 8 145.0 146. 2 [47.5 |48.8 [50.1 | 58 

. 9 |38. 0 |39. 2 |40. 4 [41.6 |42.8 |44.1 145. 4 |46.7 [48.0 149.3 150.7 152.2 | 59 
.O 438. 2 |39. 4 |40.6 |41. 9 /43.2 [44.5 [45.8 [47.1 148.5 |49.9 [51.4 152.9 154.4 | 60.0 
.5 38.9 /40. 1 |41. 4 |42. 7 |44.0 [45.3 |46.7 |48.1 149.5 [51.0 152.5 [54.1 155.7 1 60.5 
-0 [89.6 |40.9 /42. 2 |43.5 |44.9 |46.3 [47.7 |49.1 [50.6 |52. 1 153.7 155.3 157.0 | 61.0 
-5 [40.4 [41.7 [43.0 |44. 4 145.8 |47. 2 148.7 |50.2 151.7 153.3 [55.0 156.7 158.5 | 61.5 
-0 f41. 2 [42.5 /43.9 145.3 46.8 |48. 2 |49.8 [51.3 152.9 154.6 156.3 [58.1 160.0 | 62.0 
-5 [42.0 43. 4 /44. 8 |46.3 147.8 |49.3 [50.9 [52.5 [54.2 156.0 157.8 [59.7 [61.7 | 62.5 
-Q [42.9 |44. 3 |45. 8/47. 3 |48.9 [50.5 [52.1 153. 8 [55.6 157.5 159. 4 161. 4 163.6 | 63.0 
-5 [43.8 |45. 3 |46.9 |48. 4 [50.0 151.7 |53. 4 155. 2 157.1 [59.1 161.1 163. 4 165.7 | 63.5 
-O |44.8 |46. 4 /48. 0 [49.6 [51.3 [53.0 [54.8 [56.7 [58.7 160.8 163.0 165.5 168.11 64.0 
-5 [45.9 |47.5 |49. 1 |50. 8 |52. 6 |54. 4 [56.3 [58.4 |60.5 [62.7 165.2 [67.9 170.9 | 64.5 
.0 .0 [48.7 [50.4 [52.2 |54.0 [56.0 [58.0 [60.1 162. 4 |64. 9 [67.6 170.7 174. 2 | 65.0 
#5 . 2 149.9 |51.7 |53. 6 [55.6 [57.6 [59.8 [62.1 /64. 6 |67.3 |70. 4 174.1 178.8 | 65.5 
0 4 |51. 3 |53. 2 [55.2 |57. 2 159. 4 |61. 8 164. 3 [67.1 |70. 2 173. 9 178.6 |90.0 | 66.0 
5 . 8 |52. 7 [54.7 |56. 8 /59.1 161. 4 164.0 |66. 8 170.0 173. 7 178. 5 190.0 66. 5 
.0 .3 |54.3 |56.4 [58.7 /61. 1 163.7 [66.5 [69.7 173.5 |78. 4 190.0 67. 0 
.5 . 9 /56. 0 [58.3 |60. 7 |63. 3 |66. 2 |69.5 173.3 178. 2 190.0 67.5 
0 . 6 |57. 9 |60. 4 [63.0 165.9 |69. 2 173. 1 178.1 190.0 68. 0 
.5 .5 |60. 0 |62. 7 165. 6 168.9 |72. 9 177.9 190.0 68. 5 
.0 . 6 162. 3 |65. 3 168. 7 |72. 6 177.7 |90.0 69. 0 
£5 .9 |65. 0 |68. 4 |72. 4 177.6 190.0 69. 5 
0 . 6 |68. 1 |72.2 177. 4 |90.0 70. 0 
5 .8 171.9 |77.2 190.0 70. 5 
£0) Te \7 72 1190, 0 71R0 
/5 .9 190. 0 71.5 
.0 Z2k0 
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Correction of Amplitude as Observed on the Visible Horizon 


Latitude 
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a, the change of altitude in one minute from meridian transit; 
Declination same name as latitude, upper transit: add correction to observed altitude 
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Declination same name as latitude, upper transit: add correction to observed altitude 
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a, the change of altitude in one minute from meridian transit; 
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Declination contrary name to latitude, upper transit: add correction to observed altitude 
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Declination contrary name to latitude, upper transit: add correction to observed altitude 
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a, the change of altitude in one minute from meridian transit; 
Declination same name as latitude, upper transit: add correction to observed altitude 
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Declination contrary name to latitude, upper transit: add correction to observed altitude 
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a, the change of altitude in one minute from meridian transit; 


Declination same name as latitude, upper transit: add correction to observed altitude 
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a, the change of altitude in one minute from meridian transit; 
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Declination contrary name to latitude, upper transit: add correction to observed altitude 
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a, the change of altitude in one minute from meridian transit; 
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Declination contrary name to latitude, upper transit: add correction to observed altitude 
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Declination same name as latitude, lower transit: subtract correction from observed a 
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Change of Altitude in Given Time from Meridian Transit 
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TABLE 30 
Change of Altitude in Given Time from Meridian Transit 
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TABLE 31 


Natural Trigonometric Functions 


o- ’ «179° 
0 sin cL esc ti tan ae ‘| cot Bm cos |pig 4 
17 
0 |0. 00000 29 © ____|0. 00000 29 © ____}1. 00000 00000 0 60 
1 | . 00029 29 3437. 75 1718. 88] ° 00029 29 3437.75 1718. 88 . 00000 00000 0 59 
2 | . 00058 29 1718. 87 572. 95) - 00058 29 1718. 87 579. 95] - 00000 00000 0 58 
3 | . 00087 29 1145. 92 286. 483 . 00087 29 1145. 92 236 484 00000 0 tare 
4 | . 00116 29 859. 437 171. 8871— 00116 29 859. 436 171. 887 . 00000 0 56 
5 ]0. 00145 30 687. 550 114. 592 0. 00145 30 687. 549 114. 592 1 00000 0 5D 
6 | . 00175 29 572. 958 81. 851 . 00175 29 572. 957 81. 851 00000 0 54 
7 | . 00204 29 491. 107 6L. 338 00204 29 491. 106 61. 388 00000 0 53 
8 | . 00233 29 429. 719 47. 747 00233 29 429. 718 47. 747 00000 0 52 
9 | . 00262 29 381. 972 38. 197 00262 29 381. 971 38. 197 00000 0 51 
10 |0. 00291 29 343. 775 31. 252 00291 29 343. 774 31. 253 00000 1 50 
11 | . 00320 29 B24, ays) 26. 044 00320 29 Sd, SYA 26. 043 99999 0 49 
12 | . 00349 29 286. 479 22. 036 00349 29 286. 478 22. 037 99999 0 48 
13 | . 00378 29 264. 443 18. 889 00378 29 264. 441 18. 889 99999 0 47 
14 | . 00407 29 245. 554 16. 370 00407 29 245. 552 16. 370 . 99999 0 46 
15 |0. 00436 29 229. 184 14. 324)0 00436 29 229. 182 14 324)! 99999 0 45 
16 | . 00465 30 214. 860 12. 639 00465 30 214. 858 12. 639 99999 0 44 
17 | . 00495 29 202. 221 11. 234 00495 29 202. 219 11. 235 99999 0 43 
18 | . 00524 29 190. 987 10. 052 00524 29 190. 984 10. 052 99999 1 42 
19 | . 00553 29 180. 9385 9. 047] 00553 29 180. 932 9. 047 99998 0 41 
20 |0. 00582 29 171. 888 8 185 00582 29 171. 885 8. 185 il 99998 0 40 
21 | . 00611 29 163. 703 7 44] 00611 29 163. 700 7 44] 99998 0 39 
22 | . 00640 29 156. 262 6. 794 00640 29 156. 259 6 794 99998 0 38 
23 | . 00669 29 149. 468 6. 227 00669 29 149. 465 6. 228 99998 0 37 
24 | . 00698 29 143. 241 5 730 00698 29 143. 237 5. 730 . 99998 1 36 
25 |0. 00727 29 We ol 1 5, 239 0. 00727 29 137. 507 5. 288 99997 0 35 
26 | . 00756 29 US 2222 4. 897 . 00756 29 132. 219 vi 898 99997 0 34 
27 | . 00785 29 127. 325 4. 5AT . 00785 30 127. 321 if 5AT 99997 0 33 
28 | . 00814 30 122. 778 4. 234 . 00815 29 PP Fe a 234 99997 1 32 
29 | . 00844 29 118. 544 3 951) 00844 29 118. 540 3. 951 99996 0 31 
30 |0. 00873 29 114, 593 3 696 0. 00873 29 114. 589 3. 697 1 99996 0 30 
31 | . 00902 29 110. 897 3 466 . 00902 29 110. 892 3 466 99996 0 29 
32 | . 00931 99 107. 431 3 255 00931 29 107. 426 3 255 99996 1 28 
33 | . 00960 29 104. 176 3 064 00960 29 104. 171 3 064 99995 0 27 
34 | . 00989 29 101. 112 2 8890 00989 29 101. 107 2 8891 99995 0 26 
35 |0. 01018 29 98. 2230 2. 7983 01018 29 98. 2179 2. 7284 1 99995 0 25 
36 | . 01047 29 95. 4947 2 5808 01047 29 95. 4895 2. 5810 99995 1 24 
37 | . 01076 29 92. 9139 2 4450 01076 29 92. 9085 2 4452 99994 0 23 
38 | . 01105 29 90. 4689 2 3197 01105 30 90. 4633 2 3197 99994 0 22 
39 | . 01134 30 88. 1492 2. 2036 01135 29 88. 1436 2. 2038 99994 1 21 
40 |0. 01164 29 85. 9456 2. 0961 01164 29 85. 9398 2 0963\2 99993 0 20 
41 | . 01193 29 83. 8495 L 9963 01193 29 83. 8435 1. 9965 99993 0 19 
42 | . 01222 99 81. 85382 1 9035 01222 29 81. 8470 1. 9036 99993 1 18 
43 | . 01251 29 79. 9497 1 8170 01251 29 79. 9434 1 8171 99992 0 il? 
44 | . 01280 29 78. 1327 1. 7361 01280 29 78. 1263 L. 7363 99992 1 16 
45 |0. 01309 29 76. 3966 1 6607/2 01309 29 76. 3900 L 6608]. 99991 0 15 
46 | . 01338 29 74. 7359 1. 5901 01338 29 74, 7292 L 5902 99991 0 14 
47 | . 01367 29 73. 1458 7 5237 01367 29 73. 1390 L 5239 99991 1 13 
48 | . 01396 29 71. 6221 1 4616 01396 29 71. 6151 L 4618 99990 0 12 
49 | . 01425 29 70. 1605 1 4031 01425 30 70. 1533 1 4032 99990 1 11 
50 0. 01454 29 68. 7574 1. 3481 01455 29 68. 7501 L 3482 ik 99989 0 10 
51 | . 01483 30 67. 4093 i 2963 01484 29 67. 4019 1 2964] - 99989 0 9 
52 | . 01513 99 66. 1130 1. 2473 01513 29 66. 1055 ib 2475) ° 99989 1 8 
53 | . 01542 29 64. 8657 1 2011 01542 29 64. 8580 L 2013] - 99988 0 ti 
54 | . 01571 29 63. 6646 1 1574 01571 29 63. 6567 L 1575- 99988 rl 6 
55 |0. 01600 29 62. 5072 1. 1161 0. 01600 29 62. 4992 1. 1163 1. 00013 99987 0 5 
56 | . 01629 99 61. 3911 L 0770 01629 29 61. 3829 1.07711 - 99987 1 4 
57 | . 01658 29 60. 3141 1 0398 01658 29 60. 3058 L 0399] - 00014 99986 0 3 
58 | . 01687 29 59. 2743 1. 0045 01687 29 59. 2659 L 0047] - 00014 99986 2 
59 | . 01716 29 58. 2698 0. 9711 01716 30 58. 2612 0. 9712I.- 99985 s il 
60 |0. 01745 Di 2980 ee 0. 01746 57. 2900) ~ 99985 0 0 
t . : i ; : t 
90° cos ie sec ee cot ie tan pe sin DIN89° 
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TABLE 31 
Natural Trigonometric Functions 
1°> 
| Die: Diff. Diff Diff ; <-178° 
sin , c L ; iff. Diff. 
4 i | OF aah a TOBE deo Es OMe HK 14)” pp OES egy |) POEM pie 
’ an re ee eee. ale 
0 lo. 01745 57. 2987 0. 01746 57. 2900 1 
1} 1774 ch 56, 3595 Eee 01775 20 [56.3506 goo "00016 ; . 99984 59 
20 55. oeeG | - 01804 BB. 4415 00016 " 99984 58 
3 | - 01832] 2% [54 5705) S205 | . 01833 30 |54. 5613 ee ‘00017/ |. 99983) 2 | 57 
4 | . 01862 53. 7179 01862 53. 7086 0 2 
S| 29 | 3263 29 S265 fee OOSeT .7 1 nw ORBE MO 5-1 OE 
01891] 59 [52 8916| 3913 |0. 01891] 5 [52 8821| g14 |1. 00018| 4 |0. 99982 55 
6 | . 01920] 39 [52 0903] S779 | - 01920 52. 0807 “00018, 9 | . 99982| ° | 54 
7 | .01949| 29 |51. 3129) 777% | ° o1949 20 51. 3032 te ‘00019 1] 99981] | | 53 
8 | 01978) 20 |50. 5584] 7352 | 01978] 39 |50. 5485] 7358 | . 00020 1 |“ g99g9) 2 | 52 
9 | .02007) 3° |49. 8258) 7977 | . 02007] 55 |49. 8157] 7775 | - 00020 9] ‘999801 9 | 51 
10 |0. 02036] 5, }49. 1141] 917 |0. 02036 49. 1039 100021; | |0.99979| + \50 
11 - 02065 29 [48 4224 724 | - 92066 30/48. 4121 De, | 00028 ° |. 99979 0 | 49 
20 147. 6724 | 02095) 39 |47. 7395 " 90022 " 99978 48 
13 | . 02123 47. 0960 "02124 47. 0853) 9242 3} 1 I 
65 gone ; " 00023 " 99977 47 
: L — é: Hs ae site be a 46. 4489 oe 00023) 9 | . 99977 0 | 46 
0, 02182 45, 8294 1. 0002 
18 02211 om 45, 2372 Pee 02211) 30 145. 2261 ee ee i oe a 
02240) 29 144. 6386 "0002 
18 | . 02269 a 44. 0775 He 02269| 39 44. 0661 of Son ior 1 E 
19 i = S A suse 5579 | | 02298 29 l43. 5081] 22%, | 00026) 7 | . 99974 Oy 41 
L . 9757 0. 02328 42. 9641 1. 0002 ! 3 
21 | . 02356] 22 |42. 4452) 2305 | o2357| 29 jaz. 4385] 2500 -poo2s| 2 | oo9ra| 2 | 39 
22 |. 02385| 20 |41. 9277] 2548 | 02886] 59 |41. 9158 5177 | * ogo28| 9 |: 99972] 9 | 38 
23 | | 02414| 20 |41. 4227] 992) | 02415] 56 |41. 4106 ae 00029] f | . 99971 1 | 37 
_ a 4 - 9296, 4931 |. 02444] 39 |40. 9174] 4236 | -.00030| ; | . 99970 1 | 36 
40. 4482 0. 02473 40. 4358 1. 00031 0. 35 
96 | 02501 22 |39. 97801 4292 |: o2502| 29 39. 9655| 4293 | - 00031] ° aes 
29 4595 29 4596 1 | - 99969} 1 | 34 
27 | . 02530 39. 5185 " 02531 39, 5059 00032 9 3 
30 4489 29 4491 1 | - 99968 3 
28 | | 02560| 3° Jao. 0696 4389 | 02560) 55 [39. 0568) 439; | - 00033) | | . 99967 Vy} 82 
29 | | 02589| 22 |38, 6307) 4389 | | 02589] 34 |[38.6177| {599 | 00034] g | 99966, 9 | 31 
30 |0. 02618) 5 [38.2016 4j9g |0. 02619] 59 |38. 1885] 4199 |1. 00034 0. 99966 30 
31 | . 02647) 39 |37. 7818) 4198 | - 02648) 55 [87.7686] 4197 | - 00035 1} g9965| |! | 29 
32 |. 02676| 29 |37. 3713) 47g | - 02677| 29 [37 3579 4107 | “ 99036] 11° 99964) | | 28 
33 |. 02705| 29 |36. 9695) 3939 | - 02706) 29 |36. 9560 he 00037) 6 | . 99963 A | 22 
34 | 02734] 29 |36. 5763, 3932 | 02735] 53 |36. 5627) 3957 | 00037] | . 99963) | | 26 
35 0. 02763] 5, [36.1914] 3790 |0. 02764) 94 36.1776 3770 |1. 00038) |0. 99962 | | 25 
36 | .02792| 22 135. 8145) 3207 |. 02793) 59 [35. 8006| 3 "00039 "99961 24. 
37 |. 02821| 20 |35. 4454] 3874 | - 02822| o9 [35. 4313 ave ‘900401 |} |. 99960! | | 23 
38 |. 02850) 34 135. 0838] $243 | - 02851) 39 [35. 0695 ae 81° oo041) 1 |. 99959] 2] 22 
30 | 02879] 29 |34. 7295, 3543 | | o28si| 3) [34.7151] 3773 |. 00041 0 |: 99959) 9 | 21 
40 |0. 02008) 35 [34 3823) 3493 |0- 02910] 99 [34. 3678] 3495, |I. 00042}, 0. 99958], | 20 
41 | . 02938] 30 34. 0420| 3299 | . 02039] 55 [34 0273) 3338 | . 00043 99957 19 
42 | | 02967| 29 |33. 7083| 3337 | © 02968) 55 [83 6935] 3573 | . 00044 1 |‘ g9956| || 18 
43 | | 02096) 29 [33 3812} 3271 | < oz007/ 39 [33.3662] 3574 | - 00045) | | - 99955 os bak 
44 | | 03025] 22 33. 0603| 3709 | 03026 5 [83.0452] 3149 | 00046); | .99954) 16 | 
45 0. 03054) 5, |32. 7455| go gq |0. 03055) o9 [82 7303) aqqq |1. 00047) (0. 99953, , | 15 
46 | . 03083| 22 |3z. 4367; 3085 | 03084] 35 |82. 4213) 3535 | 00048) | - 99952 14 
47 | _03112| 29 |32. 1337| 3930 | ° o3114| 39 [32 1181| So7q | 00048, | . 99952 0} 43 
48 | | 03141] 22 |31. 8362} 322° | - 03143] 55 [81.8205] ogoy | 00049]; | 99951) 12 
49 | |03170| 29 |31. 5442} 3920 | ° 03172] 39 [81.5284 deg | 00050); |. 99950) 11 
50 0. 03199] 55 [31.2576 5g15 |0. 03201] o9 [31 2416) og yz |. 00051) (0. 99949, , | 10 
51 | 03228) 29 |30, 9761} 3815 | - 03230) 35 30. 9599] 756 | - 00052, 1 |. 99948) 4 9 
52 | | 03257| 22 |30. 6996 3255 | ° 03259] 55 [80. 6833) p77 | 00053); |. 99947) 4 8 
53 | | 03286| 29 |30. 4280| 3728 | ‘ 03288] 35 [30.4116 5670 | 00054, ; | . 99946) | 7 
54 | 03316) 39 [30 1612| 2668 | ‘ 03317) 39 30.1446 5553 | 00055, | . 99945} 6 
55 |0. 03345| 50 |29. 8090| 5274 0. 03346) 34 29. 8823) o576 |1. 00056], [0.99944 | 5 
56 | .03374| 29 |20. 6414} 3928 | 03376) 30 29. 6245 9754 | . 00057| 1 |. 99943) | 4 
57 | 03403] 29 |29. 881] 2533 | ° 03405) 35 29. 3711) 545; | 00058, 1 |. 99942, 4 3 
58 | | 03432| 29 fao. 1392) 3489 | ‘ 03434] 5 [29. 1220, 3449 | 00059 1 |. 99941 2 
59 | 03461] 29 fas so4a| 3448 | ° 03463] 59 [28 8771] 549g | 00060 1 | 99940, 1 
60 10. 03490 28. 6537 0. 03492 28. 6363 1. 00061 0. 99939 0 
‘.< ; * 
91°- cos we sec Ma cot Bo tan "es csc ya sin DIUS8° 
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Natural Trigonometric Functions 


TABLE 31 


L sin csc pe tan at. cot an 
0 |o. 03490] 5, |28. 6537 0. 03492] 4, |28. 6363 
1 |. 03519] 55 |. 4170] S8eq | .03521| 50 | . 3094) 2269 ; 
2 | 03548] 59 [2s 1842) 3208 | ‘ 03550] 39 [28 1664| 2330 : 
3 | 03577] $9 [27. 9551) 552 | . 03579] 3, |27. 9372| 2222 : 
4 | 03606] $5 |. 7298) 5578 | 03609) 35 |. 7117| 2295 ; 
5 |0. 03635| 5. |27. 5080 0. 03638] 5, |27. 4899 
6 | 03664) 32 | 2808} 3182 |. 03667] 39 |. 2715] 2184 : 
7 | 03693 35 127. 0750] 377% | - 03696) 59 |27. 0566, 3149 : 
8 | . 03723 99 126. 8636) 559; | - 03725) 5, |26. 8450| 3228 : 
9 | - 08752) 99 | _. 6555) 4959 |_- 93754) 99 |. 6367) 995) 1 
10 |0. 03781] 59 |26. 4505) 5915 |0. 03783) 99 |26. 4316] doo |I. 2 
11 | 03810] 55 |. 2487/ Togs | ..03812| 35 | . 2206, 7020 | 1 
12 | . 03839] 59 |26. 0499) jgse | . 03842] 39 |26. 0307| 1989 | ° 1 
13 | . 03868) 55 |25. 8542) 1494 | . 03871) 39 |25. 8348) 1959 | - : 
14 | . 08897] 55 |. 6613) 1959 | ..03900| 55 | . 6418, 1830 |” 1 
15 [0. 03926] 59 |25. 4713) 1 g75 |0. 03929] 59 |25. 4517| jer |I. 1 
16 | .03955| 55 |. 2841/1814 | ..03958| 3 | . 2644, 1873 | 1 
17 | . 03984) 59 [25.0997] igrg | . 03987) 55 [25.0798] 1848 |: 2 
18 | . 04013] 59 [24.9179] 1758 |. 04016] 35 [24 8978) 1820 |” 1 
19 | . 04042) 99 |_. 7387] 1766 | 04046] 99 |_. 7185, yr—> |. 1 
20 |0. 04071] 54 [24 5621] 174, |0. 04075] o9 [24 5418) 545 [I ; 
21 | .04100/ 55 | . 3880] 5475 | . 04104] 39 | . 3675, 1243 ; 
22 | 04129] 35 | 2164] i493 | 04133] 35 | 1957] 1728 " 
23 | 04159] 59 [24. 0471/1 ggq | 04162] 5 [24.0263] 1694 
24 | 04188] 55 [23 8802! ieyg | 04191] 5, [23 8593; 1670 | | 1 
25 |0..04217| 94 [23.7156 go |0. 04220] 3, |23.6945| je, I. : 
26 | 04246] 55 |. 5533| igo; | .04250| 34 | . 5321] 1624 | : 
27 | 04275] 54 | . 3932} 1829 | 04279] 30 | - 3718; 1608 
28 | . 04804] 55 |. 2352| i258 | 04308] 54 | | 2137| 138) 2 
29 | . 04333] 55 [23.0794] 1238 | 04337] 54 |23.0577| 1260 : 
30 |0. 04362! 59 22.9256] 1217 |0. 04366] 54 [22 9038) 5.44 I. 
31 | 04891] 96 |. 739] jog | . 04395] 39 | . 7519] 1519 : 
82 | 04420] 5, | . 6241) 4497 | 04424) 35 | | 6020| 1499 - 
38 | . 04449 5 | . 4764) 1456 | 04454] 3 | | 454i] 1479 : 
34 | 04478] 95 |. 3305] j 470 | 04483) 3° | | 308i] 1490 | ° : 
35 [0. 04507] 59 [22. 1865] 49, |0. 04512| 55 [22.1640] 159 IT. 
36 | . 04536] 55 [22 0444) 1453 | . 04541] 39 laa. o2i7] 1433 | : 
87 | . 04565] 96 21. 9041] }3g8 |. 04570| 3g 21. 8813, 1404 | ° ; 
38 | . 04594} 95 |. 7656) 7358 | 04590] 39 | | 7426 1387 |: A 
39 | . 04623) 35 |_. 6288) 7397 | 04628] 39 | | 6056| 1370 | | : 
40 |0. 04653) 5. |21. 4937 0. 04658| 5, [21.4704 . 
29 1334 8! 29 1335 2 
41 | . 04682 3603 04687 3369 
29 1318 29 1320 1 
42 | 04711) 90 |. 2285] 739; | 04716] 39 |. 2049| 1320 |: 
43 | . 04740) 96 21. 0984) j5R6 | . 04745) 39 21. o747| 1302 |: ; 
44 | 04769) 96 [20 9698) 1575 | . 04774) 39 |20. 9460] 1387 | | : 
45 |0. 04798] 5. |20. 8428 0. 04803) 5, [20. 8188 L. 
29 1254 30 1256 2 
46 | | 04827 7174 04833 6932 
29 1240 29 1241 1 
47 | | 04856 5934 ‘04862 ‘5691 
29 | - 5934) 1905 29 1226 1 
48 | . 04885] 55 | . 4709] 1535 | 04891] 39 | . 4465, 1226 | ° 
49 | 04914) 55 |_. 3499] 1798 | 04920) 39 |: 3253) 1212 | ° A 
50 0. 04943) 54 |20. 2303 1495 |0. 04949] 59 [20.2056] 11g, |i : 
51 | 04972) 55 [20. 1121} 1 1¢9 | . 04978) 22 |20. os72] 1184 |: 2 
52 | .05001| 22 |i9, 9952 ..05007] 3, |19. 9702, 1170 | ! 
29 1154 30 1156 2 
53 | . 05030) 55 |. 8798) 1725 | . 05037] 30 |”. a546| 1156 | | 
54 | 05059) 55 | _. 7656 1758 | .05066| 39 |_| 7403, 1143 | - : 
55 10. 05088] 4 19. 6528 0. 05095] 5, |19. 6273) |, -- Ir. A 
29 1116 29 1117 1 
56 | | 05117 5412 05124 5156 
- a9 | - 1103 | - 05124) 99 1105 2 
05146 4309 05153 4051 
29 1091 29 1092 1 
58 | | 05175 ‘3218 05182 | 2959 
po tt ocesenan 1078 30 1080 | - 2 
| 29 |: 2140] igge | . 05212} 32 | | 1879 
60 0. 05234) 29 |19. 1073 0.05241] “” |19. 0811) 1968 |) ! 
92°. eag Dt Ate Diff cat Diff fan aS Diff. 
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TABLE 31 


Natural Trigonometric Functions 


0 0. 05234] 5, |19. 1073 0. 05241 

ello. 

1 | | 05263] 59 |19. 0019} | i544 | 05270] 32 Hopes OP lltengi ee | fooseicae | oo 
2 | | 05292) 29 Jis 8975] 1034 | | 05299] 3° 1044 | Sor do] 1 | * 99860 28 
2 | . 05202] 55 [18.8975 jai | - 952991 99 | 87111 3933 | - 00140) ‘ 99860] 3 | 58 
4 |: 05350] 34 | _.6923/ }p59 | 05357 3 6656) 2922 |< oo1a3| 2 | 998s7 re 
5 |0. 05379) 54 [IS 5914 0, 05387) 20 {18 5645| jong |. engined ae 
B [0.05379 ; Os 59 {18 1000 |! 00145] 5:|0. 99855 55 
6 20 | . 4915] 392 |. 05416] 30 |. 4645 00147} 2]. 99854| 3 
7 | 05437] 59 | = 3927) 977 | - 05445] 99 |. 3655 990 | -Qoias) |< 9ossal 2 | 53 

05466] 59 |. 2950 Sopazaieee | 26Ttm 828. \., ens 1 | 35 
9 |. 05495] 22 | +1983) 987 | 05503) 23 |. 1708;  3o3 ‘ooisi] 2]: 998d9| 2 | 31 
10 |0. 05524| 5, |18. 1026 0.05533| °° lis o750) oo I. 2 l-soaad 2 bea 
11 | . 05553] 22 {18 0079] 37 |. 05562) 22 |17. 948 |! Sores] 2 |": 99846 49 
12 | | 05582| 29 |17, 9142) 93% | | 05591] 3° 7. $303, 239 | “oo1s6| 2 | ‘ ooaad Abe 
13 | . 05611 el bee bi Poe i 
Be Oaehal 20 | SAIS gar | <tueamr a | Fees) bap | SOURS) | ee 2 | 
15 0. 05669] 5, |17. 6389 0.05678) ~- 17.6106] 99, |I. 2 hatopasel yet as 
16 | . 05698 95 | - 5490 fe esUSTaaae, | aa5208( co, ' go163, 2 |. 99838] 1 | 44 
17 | | 05727 - 4600 <OBS7ieoe | ae Eh be oe 2| 43 
18 | | 05756| 32 | | 3720| 889 | : osz6e| 22 $353, 882 | “oores| 2 | /ooeaa] 2 | 42 
19 | | 05785 22 |< 284s, 87? | ' 05795] 39 | | 2558) 875 “oo1es| 2 | :99833| 3 | ai 
20 |0. 05814 29 7. Bao bela a 
2 | peseal 2° [7 ti30) 854 |: osasal 3° fiz ossz| 855 | oo1r1) 2 |. o9s2o 2 | 2 
22 | | 05873) So, |17. 0283 05883) 3° |16. eee We 2 | 99827 38 
16, 9990 00173 3 
23 | | 05902| 22 |16. 9446, 837 | ° 05012) 3° oY 2 | -Sosoo) 1 | 37 
4 830 | 05941] 39 | 8319 00176 ‘99824, 2 | 36 
25 |0. 05960 a 2 2 
25 |0. 05960) 59 |16. 794) g13 |0- 05970) a9 |16. 7496 315 1.00178| ; |0. 99822 35 
26 | 05980] 35 |. 6981) fog | - 059991 30 | - 8881] 07 00180] 2]: 99821) 5 | 34 
28 | 06047| 22 | | 5377] 788 |‘ o6oss) 38 Ba74) 799 | -Qorssl 1 | gost] 2 | 32 
29 | | 06076| 22 | | 4587 79° | | 06087] 39 |_| 4283] 724 spores 2 | eceine | ae 
30 |0. 06105] 5, |16. 3804 0 oeii6| © |i6.3409| 2° |i. ? Io. 2 
31 | .06134| 22 | - 3029) 775 | oeias| 20 |. 2722] 274 pores! 2 | gosta] 2 | 29 
32 | . 06163 2261 06175} 20 | 770 |: Ly 2 | 38 
Ae: 768)" OGLIB|NS, | 21062 00190 99810 28 
33 | 06192] 39 | 1500 54 | - 06204] 99 |. 1190 762 |“ o192| 3 | : 99808) 3 | 27 
| 06221| 29 116.0746, 797 | - 06233] 55 |16.0435, 74g | 00194 2 |‘ 99806) 2 | 26 
35 |0. 06250| 54 |15. 9999 0. 06262| 50 |15. 9687 100196) 5 : 
36 | . 06279) 55 |. 9260 739 | oe2o1| 2° |. 8945 742 |! 00198) 2 Sosoa| 34 
06308 8527 06321 Sseiiien os =i 
38 | _06337| 22 | | 7801; 226]: o6350| 22 | 728 | 80200), 1 | Bool 2 | ae 
' 74 
A sss 29 | ©. 7081)) 729 |" 06379) 55 “6763, 721 “00203, 2 99797) 2 21 
40 0. 06395] 99 |15. 6368} 797 [0- 06408) 59 15. 6048) 79g |i. 00205] 5 |0. 99795 20 
42 | 06453] 22 | “4961; 700 ‘Sede7| 22| 4638) 702 90207) |. 90788) 7 | 18 
42 | - 06453] 55 | - 4961] Gy | - 068871 29 | 702 | * oo209| 3 | - 99792) 9 | 18 
| 3943 
44 |. 06511| 22 | | 3579] 988 | ° 06525] 53 |: 3254| B33 OT 2 | aores| 2 | 16 
45 |0. 06540} 59 |15. 2898 0. 06554 15. 2571 1002135; ~ |0. 9 a i 
46 | . 06569] 5 |. 2222 676 |" 06584| 59 | . 1893 678 |! oot] 1 gored) 2 if 
06598 1553 06613 '3922| 871 | ooais| 2 |: 99782) 5 | 1: 
48 | 06627] 22} ‘o8s9| 64 | ° 06642] 29 fis. 0557] 68? oo] 2 | 90780] 2 1 
48 | - 06627) 59 ae a 665 | | 00220 99780 12 
Bd Oats 15, 0281 G53 - 06671) 22 f14 9898) 859 |! 0222] 3 | 90778) 3 | 11 
arf ass ay (ado ora [san BN trey 2] 
52 | . 06743 8291 06759 Se} 642 |“ 9228) 2 | :99772| 5 
oot 7954 00228 99772 
53 | .06773| 30 | .7656| G30, | - 06788 oP 8 Oe aitn 511. 00280), 5 te Be 
54 | | 06802| 2° | | 7026| 939 | | 06817) 35 |_- 6685) gag | 00232 2 | 99768) 5 |_ 6 
55 |0. 06831| 9 |14. 6401) — g 79 |0. 06847) 99 |14. 6059, gp, |1. 00234) 9 |0. 99766 5 
56 | . 08860] 59 | - 5782, G14 06876| 32 | . 5438) Bi 5 | - 00236 21" 99764, 2| 4 
57 | . 06889) 35 | - 5168 G09 06905| 29 | ‘ 4823] Bi? | - 00238 2199762) 2] 3 
s | /06918| 29 | | 4559) 608 | 06934] 55 |. 4212) Gos | - 00240 21" 99760, 2] 2 
59 | - 06087/ 59 | 39551 599 06963| 22 | :3607| Goo |.- 00242 2199758) 2] 1 
: | 06976| 79 114. 3356 0. 06993] 22 |14. 3007 100244, 2 |o. 99756, 71 0 
Diff. Diff. Diff. it of 
93 0_, cos 1’ sec n cot 1! tan me ese ei sin DiN86° 
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TABLE 31 


Natural Trigonometric Functions 


. 06993 
. 07022 
. 07051 
. 07080 
. 07110 


. 07139 
. 07168 
. 07197 
. 07227 
. 07256] 5 
. 07285 
. 07314 
. 07344 
. 07373 
. 07402 


. 07431 
. 07461 
. 07490 
. 07519 
. 07548 


0. 07578 
. 07607 
. 07636 
. 07665 
. 07695 


: : . 07724 
. 07730 : - 07753 
. 07759 s . 07782 
. 07788 ; . 07812 
wO7817 ; . 07841 


. 07846 . 07870 
. 07875 . 07899 
. 07904 . 07929 
. 07933 . 07958 
07962|°2> | _ 07987 


| 07991 : 0. 08017 
. 08020 ; . 08046 
. 08049 ; . 08075 
. 08078) 5; : é . 08104 
. 08107 : . 08134 


. 08136 2. 26 ; . 08163 
. 08165 i . 08192 
. 08194 : : . 08221 
. 08223 ; . 08251 
. 08252 , . 08280 


. 08281 ; . 08309 
. 08310 : . 08339 
. 08339 298 . 08368 
. 08368 : . 08397 
. 08397) 5, : . 08427 


— 
—" 


08426 - 8684) . 08456 
. 08455 . 08485 
. 08484 . 08514 
. 08513 TAT: . 08544 
08542) "56 | 3.7 _ 08573 


_ 


SCOrPWWROUATOO SO 


. 08571 i 0. 08602 
. 08600 =n é . 08632 
. 08629 . O88 ‘ . 08661 
. 08658) 5; : . 08690 
. 08687 : : . 08720 
. 08716 : . 08749 


t : : 
94°. cos ; é cot 


WNWNWNWNHWH WHNNWN WNWNN WNHNWN WNNNWNNWNDNY NWNNDY WHNNNDY NWNND NNNNW NNNWD 


aS, 
= 


> 
(e} 
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TABLE 31 


Natural Trigonometric Functions 


0 |0. 08716 11. 4737 0. 08749 41, 430510) 2 1. 00382 0. 99619 60 
1 | 08745] 22 |: 4357 ae -08778| 39 |. 3919 As 00385, 3 | . 99617 2 | 59 
2 | .08774| 55 | .3979]  g75 | .08807| 55 | -3540| 3.- | 00387) 3 | .99614) 5 | 58 
3 | 08803) 55 |. 3604, 355 | . 08837) 55 | . 3163 aoe . 00390] 5 | . 99612} 3 | 57 
4 | . 08831] $5 |_ 3231] 345 |. 08866) 55 |_. 2789 ae . 00392) 3 | 99609] 5 | 56 
5 0. 08860] oo [11.2861] 3,8 0. 08895] 35 |11. 2417] — s¢q |1. 00395 9 [0.99607] 3 | 55 
6 | . 08889] 55 | - 2493] S¢2 | . 08925] 55 | - 2048) sg- | .00397| 3 | . 99604) 5 | 54 
7 | . 08918] 55 | - 2128] 363 | - 08954) 55 | - 1681 See . 00400) 3 | . 99602} 3 | 53 
8 | .08947) 54 | .1765) Se) | . 08983) 35 | - 1316) S65 | . 00403) 5 | . 99599) 3 | 52 
9 | . 08976] 55 |_- 1404] 324 | ..09013| 59 |_-0954) 365 |. 00405) 3 | . 99596) 5 | 51 
10 {0. 09005] 54 |11. 1045] 35, 10. 09042) 5, [11.0594| 3.7 |1. 00408) 5 |0. 99594] 3 | 50 
11 | . 09034] $5 | ..0689) 323 | . 09071) 35 |11.0237/ 325 | .00411) 5 | . 99591] 3 | 49 
12 | . 09063] $4 |11. 0336) 325 | . 09101) 59 |10. 9882} 325 | . 00413) 3 | . 99588] 5 | 48 
13 | . 09092 54 |10. 9984) 349 | . 09130) 54 | . 9529] 357 | . 00416) 3 | 99586] 3 | 47 
14 |. 09121] 55 |. 9635) 34> |. 09159] 34 |_- 9178] 349 | 00419] 5 | . 99583| 3 | 46 
15 |0. 09150] 54 |10. 9288) 345 |0. 09189) 54 |10. 8829] 44, |1. 00421), 0.99580) 9 | 45 
16 | .09179| $4 | . 8943) 343 | . 09218) 55 | . 8483] 344 | . 00424, 3 | 99578) 3 | 44 
17 | . 09208] $5 | . 8600] 345 | . 09247) 35 | - 8139] 349 | - 00427| 5 | 99575] 3 | 43 
18 | 09237] $5 | . 8260] 334 | 09277) 55 | - 7797] 349 | - 00429) 3 | .99572/ 9 | 42 
19 | . 09266] 55 |_. 7921] 334 | .09306) 55 |_. 7457] 338 | 00432) 3 | 99570) g | 41 
20 10. 09295] 59 |10. 7585] 35, |0. 09335] 35 [10. 7119 ng |! 00435] 3 |0. 99567| 3 | 40 
21 | 09324] 55 | -7251| 335 | . 09365] 99 |. 6783) 333 | 00438) 5 | . 99564) 5 | 39 
22 | . 09353] 59 | - 6919] 335 | - 09394] 59 | - 6450] 335 | 00440] 3 | . 99562) 3 | 38 
23 | . 09382] 59 | - 6589] 359 | . 09423) 35 | . 6118) 359 | - 00443) 3 | . 99559) 3 | 37 
24 | 09411] 59 |_.6261| 354 | .. 09453] 59 |_. 5789] 357 | 00446) 3 |. 99556) 5 | 36 
25 |0. 09440) 5 [10.5935] 35, |0. 09482) 50 |10. 5462) 356 [1.00449] 5 |0. 99553) 9 | 35 
26 | . 09469] 54 | - 5611) 355 | . 09511] 5 | - 5136] 353 | 00451) 3 | . 99551) 3 | 34 
27 | .09498| 54 | . 5289} 359 | . 09541) 59 | - 4813) 355 | 00454) 3 | . 99548) 3 33 
28 | .09527| 54 | . 4969} 349 | - 09570) 3) | . 4491) 379 | 00457} 3 | . 99545) 3 32 
29 | . 09556] 59 |. 4650] 314 | - 09600) 59 |_. 4172) 34g |_. 00460) 5 | . 99542) > 31 
30 |0. 09585] 54 |10. 4334] 3,4 |0. 09629] o5 110. 3854] 316 |1. 00463) 4 ]0. 99540, 30 
31 | 09614] $2 | . 4020] 355 | - 09658] 35 | . 3538] 314 | - 00465) 3 | . 99537| 3 29 
32 | 09642! $4 | .3708| 357 | - 09688] 59 | - 3224] 31] | .00468| 3 | . 99534) 3 28 
33 | 09671] 54 | -3397| So | - 09717] 99 | - 2918] 31, | - 00471) 3 | . 99531) 3 27 
34 | 09700] 54 | . 3089} 357 |. 09746) 55 | _- 2602} 35g | 00474) 3 | 99528) > 26 
35 |0. 09729] 54 |10. 2782} 35, |0. 09776] 99 |10. 2204) ag |1. 00477| 4 0. 99526) 25 
36 | 09758] 59 | -2477| 393 | - 09805] 59 | - 1988) 395 | - 00480) 5 | - 99523) 3 24 
37 | . 09787] 59 | - 2174} 39; | - 09834] 39 | - 1683} 399 | - 00482) 3 99520] 5 | 23 
38 | 09816] 59 | - 1873} 399 | - 09864) 59 | - 1381) 39] | - 00485) 5 | 99517) 3 22 
39 | . 09845] 59 | - 1573] dog |_- 09893] 39 |_- 1080] 39 | 00488) 3 | 99514) 5 21 
40 |0. 09874) 50 |10. 1275} — dog |0. 09923] 99 |10. 0780) gq7 |1. 00491) 0.99511) 3 | 20 
41 | . 09903] 55 | .0979| S94 | - 09952) 99 |. 0483) 594 | - 00494) 3 . 99508] 5 | 19 
42 | 09932] 55 | .0685) 553 | - 09981) 35 [10.0187] 939 | 00497) 3 . 99506] 3 | 18 
43 | 09961] 59 | .0392| 59) | - 10011) 59 |9. 98931] 5994 | - 00500). 3 99503) 5 | 17 
44 | . 09990] 55 | 0101] 599. |. 10040) 9 | . 96007) 599 | 90503) 3 . 99500] 3 | 16 
45 10. 10019] 54 |9. 98123) 575 |0. 10069] 34 9. 93101) ogo |1. 00506) 3 0.99497] 3 | 15 
46-1 . 10048] Sq | . 95248) Sen | . 10099] 5g | 90211) 5373 | . 00509) 3 99494) 3 | 14 
47 | . 10077] Sq | . 92389] Se45 | - 10128] 39 | . 87338) og56 | - 00512) 3 99491) 3 13 
48 | . 10106] 55 | .89547| Seon | - 10158) 59 | 84482) oe4y | - 00515) 3 . 99488) 3 12 
49 | . 10135] 59 | .86722| 5279 | - 10187] 99 | 81641) ogo4 | 00518) 3 99485] 3 | 1 
50 |0. 10164) 5. ]9. 83912) 5-95 0. 10216] 36 |9. 78817} ogog |!. 00521) 3 0. 99482} 3 | 10 
51 | . 10192 91119) 2/93 |. 10246] 20 | . 76009} Sooo | .00524| 5 | .99479| 3] 9 
29 = 2778 ep A8) Cee 2702 lees) 99476] ° 8 
52 | . 10221) 59 | . 78341). 5/45 | - 10275| 36 | - 73217) o776 | - 00527) 3 | . 99476) 3] o 
53 | . 10250] 59 | . 75579) 544g | - 10305] b9 | - 70441) 976) | - 00530 3 99473) 3 i 
54 | . 10279] Sq |. 72833| 543 |. 10334) 99 | - 67680) 9745 | - 00533) 3 99470] 3 
55 10. 10308] 5, 19. 70103} 572 |0. 10363 9. 64935| geo, |. 00536) « 0. 99467) 3] 5 
Soa lPAS) pecinne ALO nel) ; 2730 29 2% | 99464 4 
56 | . 10337 59 | . 87387| 5299 | - 10393] 99 | - 82205) 9715 00539] 3 | 99464, 3] 4 
57 | . 10366] 59 | . 64687| Sogn | - 10422] 39 | 59490) a6 99 00542) 3 | .99461) 3 3 
58 | . 10395] 4° | . 62002 PIM 10462hee |, D6To1 2? | 00545) 5 | . 99458) 5 
29 2 2670 29 2685 | * 09548| 2 | . 99455 1 
59 | . 10424] 50 | . 59332! Sern | - 10481) 99 | 54106 9670 | - 3 |. % 3.) 03 
60 |0. 10453 9. 56677 0. 10510 9. 51436 1. 00551 0. 99452 
% : Digima. |Dit.7 
95°> cos Rit sec pie. cot ne tan pin. csc 1 sin 1/7<84° 
ee 


1318 


TABLE 31 


Natural Trigonometric Functions 


6°° | iff. iff, iff. Dif, 
v sin 


0. 10453 . 56677 . 10510 . 51436 
. 10482 . 54037 . 10540 . 48781 
. 10511 . 1411 . 10569 . 46141 
. 10540 . 48800 . 10599 . 43515 
. 10569 . 46203 . 10628 . 40904 


0. 10597 9. 43620 . 10657 . 38307 
. 10626 . 41052 . 10687 . 380724 
. 10655 . 38497 . 10716 . 83155 
. 10684 . 35957 . 10746 . 80599 
. 10713 . 83430 . 10775 . 28058 


5 

6 

7 

8 

9 

10 }0. 10742 . 80917 . 10805 . 25530 
11 

12 

13 

14 


i 


. 10771 . 28417 . 10834 . 23016 
. 10800 . 25931 . 10863 . 20516 
. 10829 . 23459 . 10893 . 18028 
. 10858 . 20999 . 10922 . 15554 


15 |0. 10887 9. 18553 . 10952 . 138093 
1 . 10916 . 16120 ; . 10981 . 10646 
. 10945 . 13699 . 11011 . 08211 
. 10973 . 11292 . 11040 . 05789 
. 11002 . 08897 . 11070 . 03379 


. 11031 . 06515 . 11099 . 00983 
. 11060 . 04146 . 11128 . 98598 
. 11089 . 01788 . 11158 . 96227 
. 11118 . 99444 alii cere . 93867 
. 11147 Ala . 11217 . 91520 


LITA . 94791 . 11246 . 89185 
. 11205 . 92482 . 11276 . 86862 
. 11234 . 90186 . 11305 . 84551 
. 11263 . 87901 . 11335 . 82252 
L291 . 85628 . 11364 . 79964 


. 11320 . 83367 . 11394 . 77689 

. 11349 . 81118 . 11423 . 75425 

. 11378 . 78880 . 11452 . 73172 

». 11407 . 76653 . 11482 . 70931 

. 11436 . 74438 oll . 68701 

35 J0. 11465 8. 72234 . 11541 . 66482 
3 . 11494 . 70041 . 11570 . 64275 
. 11523 . 67859 . 11600 . 62078 

. 11552 . 65688 . 11629 . 59893 

. 11580 . 63528 . 11659 . 57718 

40 }0. 11609 . 61379 . 11688 . 05555 
41 | . 11638 . 69241 coeelidales . 538402 
. 11667 . 97113 . 11747 . 91259 

. 11696 . 54996 ered . 49128 

~ 11725 . 52889 . 11806 . 47007 

45 10. 11754 8. 50793 . 11836 . 44896 
6 | . 11783 . 48707 . 11865 . 42795 
. 11812 . 46632 . 11895 - 40705 

. 11840 . 44566 . 11924 . 88625 

. 11869 . 42511 . 11954 . 86555 

50 |0. 11898 8. 40466 . 11983 . 34496 
. 11927 . 88431 . 12013 . 32446 

. 11956 . 36405 . 12042 . 30406 

. 11985 . 34390 . 12072 . 28376 

. 12014 g | _- 32384 . 12101 . 26355 

0. 12043 g 8. 30388 , 12131 . 24345 

. 12071 . 28402 . 12160 . 22344 

. 12100 . 26425 . 12190 . 20352 

. 12129 . 24457 . 12219 . 18370 

. 22500 . 12249 . 16398 
8. 20551 . 12278 . 14435 


4 
96° cos 7 : : cot ‘| tan 


— 


SORPNWROUONWOO 
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TABLE 31 
Natural Trigonometric Functions 
fone 
.  |Diff. Diff Diff Diff Diff «172° 
si : f ; iff. 
Y n 1 csc ‘ tan 1’ cot l’ sec 1’ cos Diff, ¥ 
Eanes Le 
0 {o. 12187 8, 20551 . 12278) 2. |8. 14435 1. 00751 0. 99255 
1 |. 12216) 29 |" sei} 1939 |": 12308] 29 | taas1| 1954 |" oozs5| 4 |: ooa51| 4 | 50 
: 29 1931 30 1945 aul 5 
| 12245 | 16681 , 12338 10536 | 00758 99248 58 
29 1921 29 1936 4 4 
3 |.. 12274) 22 |. 14760] j271 | - 12367| 35 | . 08600] j238 | : 00762 99244 57 
4 | . 12302) 38 | - 12849] 1253 |. 12397| 3° | | o6e74| 1278 | 00765) 3 |. 99240| 3 |_56 
5 (0. 12331| 5 |8 10946] 5.94 |0. 12426) 5, |8 04756 1. 00769) , 10. 99237 55 
6 | . 12360 - 09052 | 12456 ‘ 92848] 1998 |" oo773| 4]. 99233] 4] 54 
SIs seg 1885 29 1900 31: 2 
: 12389 _ 07167 | 12485 8. 00948 | 00776 99230 53 
29 1876 30 1890 4|° 4 
8 |. 12418| 3? | | 05201] 1828 | | 12515) 3 |7. 99058 - 00780 99226 52 
9 | . 12447 03423 12544 97176 1882 |‘ oozsa| 4 | 99229) 2 | 51 
pes Eni 1858 30 1874 3 he 3 
10 0. 12476] 5. |8 01565] 59:, |0. 12574] 5o |7. 95302 1. 00787, ~ 10. 99219 50 
11 | . 12504) 35 |7. 99714 - 12603 :93438| 18641" oo7o1| 4 | 99215] 4 | 49 
29 1841 30 1856 4|- 4 
12 | . 12533 | 97873 | 12633 "91582 00795 99211 48 
29 1833 29 1848 4|° 3 
13 | . 12562) 2? | . 96040 1853 |. 12662) 3° | ‘ 89734 "00799 "99208 47 
14 | 12591] 50 | 94216 5827 |: 12692] 3° | | 87805] 1839 | . 00802) | . 99204 4 | 46 
15 |0. 12620| 5. 17. 92399 12722) 5, |7. 86064 1. 00806, , {0. 99200 45 
29 1807 29 1822 4 3 
16 | . 12649| 22 | . 90592] {804 | | 12751) 2? |‘ ga242] 1824 |. 00810 | 99197 44 
17 | . 12678| 32 | | 88792 12781 92428, 1814 |’ 00813] 2]. 99193) 7 | 43 
28 1791 29 1806 4 4 
18 | : 12706| $8 | | 87001] 3793 | . 12810] $3 | . 80622) 179” | . 00817 "99189 42 
19 | . 12735 "$5218 12840 "78825 ‘ 00821) * |. 99186] 3] 41 
ue. 29 1775 29 1790 4 4 
20 |0. 12764| 59 |7. 83443) j 94 |0. 12869) 34 |7. 77035| 79, |1. 00825) 3 |0. 99182 40 
21 | . 12793| 32 | | 81677| 1485 | . 12899] 35 | .75254| j474 | . 00828 ‘99178| +] 39 
22 | . 12822) 3° | | 79918| iver | . 12929] 59 | . 73480 1725 | 00832) 4 | . 99175 oi 38 
23 | | 12851 59 | .78167| 493 | . 12958] 30 | .71715| j45g | - 00836] 4 | . 99171 4 | 37 
24 | | 12880| 29 | ° 76424 | 12988 69957 00840 99167 36 
28 1735 29 17493) 2004 4 | 36 | 
25 |0. 12908| 99 |7. 74689| 797 |0. 13017| 39 |7. 68208| 174 [1 00844| 4 |0. 99163) 3 | 35 
26 | | 12937| 22 |. 72062} 1227 | 13047| 39 | . 66466, 1754 | 00848] 3 | . 99160 || 34 
27 | 12966) 39 |. 71242| 3220 | | 13076| $5 | .64732| 1457 | 00851] 4 | .99156| 4 | 33 
28 | | 12095) 3° | | 69530, 1752 | 13106] $5 | 63005) 1474 | 00855] 4 | .99152| 4 | 32 
29 | | 13024] 29 | | 67826) 1404 | . 13136| 39 | 61287) 1475 | 00859] 4 | 99148) 4 | 31 
30 |0. 13053) 5g |7. 66130} 5 gg0 |0. 13165| 35 |7.59575| j793 |1. 00863 4 |0. 99144) 5 | 30 
31 | . 13081] 28 | | 6444i| 1689 | 13195] 20 |. 57872) T4og | - 00867| 4 | -99141| 4 | 29 
32 | | 13110| 29 |: 62759| 168? |" 13204) 28 | 56176) jgaq | -00871| 4 | -99137| 4 | 28 
33 | : 13139] 29 | ’61085| 1674 | | 13954) $9 |. 54487| 1g8; | - 00875, 3 | 99133) 4 | 27 
| 34 | | 13168) 29 | | 50418} 1687 | | 13284| $0 | 52806) tG74 | 00878, 4 | 99129) 4 | 26 
35 |0.13197| oo |7. 57759| jgno 0. 18313) 99 |7. 51132| j gg7 |1- 00882| 4 |0. 99125. | 25 
36 | . 13226] 22 | /56107| 163? |. 13343] $9 | . 49465) igeg | 00886 4 | 99122) 4 | 24 
37 | | 13254) 28 | ° 54462| 162° | | 13872) 33 |. 47806| jg25 | 00800, 4 | 99118) 4 | 23 
3g | | 13283| 29 | ‘52825, 1637 | 13402) $) | 46154] jgte | 00804, 4 |. 99114) 4 | 22 
39 | . 13312) 29 | | 51194| 163) | | 13432] 20 | 44509) tgag | 00808, 4 | .99110| 4 | 21 
40 {0. 13341| 59 |7.49571| 1616 0. 18461| 39 |7- 42871| 431 |L 00902] 4 |0. 99106, 4 | 20 
41 | . 13370| 39 |) 47955, 1616 | 13491] $9 |. 41240| 1g54 | 00906] 4 | 99102) 4 | 19 
42 | | 13399) 29 | ‘ 46346] 1609 | | 13521] $5 | 39616 jgi7 | 00910, 4 | 99098, 4 | 18 
43 |. 13427| 28 | ‘44743, 1603 | | 13550) 3) |. 37999| 1614 | - 00914|- 4 | 99094) 3 | 17 
44 | | 13456] 22 | | 43148, 1395 | | 13580] 39 | . 36389] }g3 |_00918] 4 | .99091| 4 | 16 
45 |0. 13485 59 |7. 41560| 505 |0. 13609) 99 |7. 34786 594 |1. 00922| 4 |0. 99087| 4 | 15 
46 | . 13514| 29 | ‘ 30978] 138? | 13639] 35 | . 33190] 1299 | - 00926, 4 | . 99083, 4 | 14 
47 |. 13543| 29 | | 38403| 1975 | ° 13669] 39 | . 31600| 1235 | . 00930] 4 | 99079, 4 | 13 
48 |. 13572| 22 | ‘ 36835] 1368 | 13698) 35 |. 30018| j27¢ | 00934) 4 | 99075] 4 | 12 
49 | 13600] 28 | * 35274] 1381) | 13728) 35 |_. 28442] 1269 |_00938) 4 | 99071) 4 | 11 
50 0. 13629| So |7. 33719| 449 |0. 13758) 99 |7. 26873] 563 [1 00942], |0. 99067| 4 | 10 
51 | . 13658) 59 | . 32171] 241 | - 13787| 39 | - 25310, y556 | - 00946) 4 | - 99063, 4) 2 
52 | . 13687| 28 | : 30630 1342 | | 13817) 59 | - 23754] 1225 | 00950, 4 | 99059 4] 8 
53 | . 13716| 22 |: 29005, 1235 | | 13846) 35 | - 22204| 1243 | 00954) 4 | 99055, 4 | 7 
54 | . 13744] 28 | | 27566, 1329 | | 13876 35 | . 20661) 1236 | 00958, 4 | . 99051] 4 | 6 
55 |0. 13773| 99 |v. 26044| 545 |0. 13906] 99 |7. 19125] 155, |1. 00062), |0. 99047, 4) 5 
56 | . 13802| 22 | | 24529) 1518 | 13035] 35 | . 17594] }253 | 00966] 4 |. 99043, 4) 4 
57 | . 13831] 39 | | 23019] 1319 | ° 13965] 35 | . 16071] 1273 | 00970) 5 |. 99039, 4) 3 
58 | .13860| 29 | / 21517) 1302 | ° 13995] $5 | 14553, 317 | 00975] 4 | 99035] 4) 2 
59 | 13889] 22 | 20020] 1497 | ° 14024) 35 | 13042] 1255 | 00979, 4 | 99031] 4 | I 
60 |0. 13917 7. 18530 14054) 29 |z7. 11537 1. 00983, * 0. 99027 0 
nN } : ‘ ; 3 : t 
97°> cos a sec pie cot it tan ae cse a sin DiINB2° 
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TABLE 31 


Natural Trigonometric Functions 


cot 


. 138917 
. 13946 
. 18975 
. 14004 
. 14033 


. 14061 
. 14090 
. 14119 
. 14148 
. 14177 


10 |0. 14205 
. 14234 
. 14263 
. 14292 
. 14820 


CONS RWWHSO ~ 
= 


. 11537 
. 10038 
. 08546 
. 07059 
. 05579 


. 04105 
. 02637 
. 01174 
. 99718 
- 98268 


. 14349 
. 14378 
. 14407 
. 14436 
. 14464 


20 |0. 14493 
. 14522 
. 14551 
. 14580 
. 14608 


25 0. 14637 
. 14666 
. 14695 
. 14728 
. 14752 


. 96823 
. 95385 
. 93952 
. 92525 
. 91104 


. 89688 
. 88278 
. 86874 
. 85475 
. 84082 


. 82694 
. 81312 
. 79936 
. 78564 
. T7199 


. 14781 
. 14810 
. 14838 
. 14867 
. 14896 


35 10. 14925 
. 14954 
. 14982 
. 15011 
. 15040 


. 75838 
. 74483 
. 73133 
. 71789 
. 70450 


. 69116 
. 67787 
. 66463 
. 65144 
. 63831 


. 15069 
. 15097 
. 15126 
. 15155 
. 15184 


. 15212 
. 15241 
. 15270 
. 15299 
. 15327 
50 |0. 15356 
. 15385 
. 15414 
. 15442 
. 15471 
55 |0. 15500 
56 | . 15529 
. 15557 
. 15586 
59 | . 15615 
60 ]0. 15643 


. 62523 
. 61219 
. 59921 
. 58627 
. 57339 


6. 56055 
. 54777 
. 538503 
. 52234 
. 50970 


. 49710 
. 48456 
. 47206 
. 45961 
. 44720 


t 
98°., cos 


. 43484 
. 42253 
. 41026 
. 39804 
. 38587 


Oj Pees 
6. 37374 
. 36165 
. 34961 
. 33761 
. 32566 
6. 31375 


iw) 

—S. 
a= t 
bee | 
e-=_ 
° 


i 


vi 
— 


AOROO ROTOR O ROR OF OR ORO ROR ORO PR OPOBR BR ORO PROBE OP FRO PEEL OR PRD 


ATR TORT T ROR OR OR ROR OR ROR ROR ARORA ROUR ARORA ROR DA RROD RAR RRR OBRER 


SPN WROYOANOOS 


tan 


r= 
e3 

(o 2) 
i> 
° 
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TABLE 31 
Natural Trigonometric Functions 
Qo> 
Ara Diff. Diff. <170° 
L sin 1’ csc lV tan ‘7 cot mee sec ae cos ia 70 
i NA 
0 lo. 15643 6. 39245 0. 15838 6. 31375 1. 01247 0. 98769 
O° 1253] 22 | Bgors) 1172 [° 13868] 30 [°: Borgo, 188 | onasi| 4 P-oareal 5 | 50 
: 29 1167 30 1182 5]: 4 
| 15701 36906 15898 "29007 01256 "98760 58 
29 1163 30 1178 5 5 
3 | 15730] 22 | 35743] jibe |. 15928] 35 | . 27829) 1144 | - 01261 98755 B7 
| 4 |. 15758] 28 | 34584) 1125 |. 15958] 35 |. 26655] 1349 |_. 01265 # | . 98751} 3 |_56 
5 |0. 15787 6. 33429 0. 15988 6. 25486 1. 01270 0. 98746 55 
29 1150 29 1165 5 5 
"15816 32279 "16017 24321 01275 "98741 54 
29 1146 30 1161 4 4 
7 | . 15845 "31133 16047 "23160 01279 98737 53 
28 1142 30 1157 5 5 
g | . 15873] 28 | - 20991) 1134 | - 16077] 35 | - 22003] yyz5 | - 01284 98732 52 
9 | | 15902] 22 | | 28853) 113° |__16107| $9 | - 20851) 1148 |. 01289 : ' 98728 E 51 
10 0. 15931 6. 27719 0. 16137 6. 19703 1. 01294 0. 98723 50 
G 28 1129 30 |°: 1144 4 5 
15959] 28 | 26590] j132 | . 16167] 59 | - 18559) 1149 | - 01298 98718 49 
12 | . 15988] 29 | | 25464] 130 | . 16196] 35 | -17419] 113g | - 01303 5] og714| 41] 48 
13 | | 16017| 23 | . 24343) 3747 | - 16226] 36 | - 16283 ne "013081 2° | .98709) ° | 47 
14 | | 16046] 32 | 23226) 3175 |_-16256| $5 | 15151) 345g |_..01313 "98704 46 
15 |0. 16074 6, 22113 0. 16286| 3 16. 14023 1. 01317 0. 98700 45 
; 29 1109 30 1124 5 5 
6 | . 16103] 2° | ° 21004) T15q | - 16316] 39 | - 12899] i399 | - 01322 98695 44 
17 | . 16132] 22 | © 19898) tio; | - 16346| 39 | 11779] 4475 | - 01327 5 |“ gg690| > | 43 
18 | . 16160] 28 | 18797) tOg7 | - 16376| 59 | - 10664] 347 | - 01332 5 |" ogese| 4 | 42 
19 | | 16189] 22 | 117700] } 94 |__ 16405] $5 | 09552] jog |_.01337 : ' 98681 : 41 
20 |0. 16218 6. 16607 0. 16435 6. 08444 1. 01342 0. 98676 40 
o 28 1090 30 1104 4 5 
16246] 28 | 15517| 7022 | . 16465] 35 | 07340) 4499 | - 01346 "98671 39 
22 | | 16275] 29 | | 14432] 1085 | ° 16495) 39 | | 06240) Toyz | - 01351| 5 | - 98667| 5 | 38 
23 | . 16304] 2° | | 13350] j08% | - 16525] 35 | 05143) jqg9 | - 01356 > |. 98662 5 | 37 
24 | . 16333 12273 16555 "04051 01361 98657| © | 36 
_- 16333) 93 |. 12273) 4974 |_- 16999) 39 |_-Seh9") 1089 5 5 Lee 
25 |0. 16361| 54 [6.11199] jq7q |0- 16585] 39 |6. 02962) jogq |I. 01366] 5, |0. 98652 35 
26 | . 16390] 29 |. 10129] 1970 |. 16615] 35 |. 01878) yogi | - 01371] 5 | - 98648 4 | 34 
27 | | 16419] 22 |: o9062| 3982 |. 16645] 59 |6. 00797] jo77 | - 01376] 5 | . 98643 5 | 33 
28 | | 16447| 2° |‘ os000| 3982 | - 16674] 35 5. 99720) jor4 | 01381) 5 | - 98638 5 | 39 
29 | | 16476| 2 | 06941] {O22 | . 16704] 35 | 98646) jq79 | 01386) 5 | . 98633 ; 31 
30 |0. 16505| 55 |6. 05886] j25 0. 16734] 35 |5. 97576) ogg [1 01391] 4 |0. 98629) 5 | 30 
31 | . 16533] 28 |. 04834| 1932 |. 16764] 3) | . 96510] ogo | - 01395] 5 | - 98624) 5 | 29 
32 |. 16562| 22 | 03787] 1047 | - 16794] 3) | - 95448) joss | -01400| 5 | . 98619) 5 | 28 
33 |. 16591| 22 | | 02743] 1044 | | 16824] 35 | 94390 joss | 01405] 5 | 98614) 5 | 27 
34 | . 16620 01702 16854 " 93335 "01410 " 98609 26 
| 34 | . 16620) 52 | .01702) jo3¢ |_- 16854) 36 |_- 98335) jo59 |-VSPO) 5 [se 5 | 
35 0. 16648| 55 |6. 00666] jo |0. 16884] 34 |5.92283| jo47 [I 01415) 5 |0. 98604) 4 | 25 
36 |. 16677| 29 |5. 99633) 1938 |< 16014] 35 |. 91236] jogs | 01420] 3 | 98600) 5 | 24 
37 | . 16706| 22 | 98603] 1938 | ° 16944) 3 | .90191| ipaq | - 01425) 5 | - 98595) 5 | 28 
38 | | 16734| 28 | 97577] 1938 | - 16974] 35 | 89151] jo37 | 01430) 5 | - 98590) 5 | 22 
39 | | 16763| 29 | 96555] 1922 | ° 17004 39 | .88114| p34 | 01435) 5 | 98585] 5 | 21 
40 10. 16792) 5g [5.95536] 4915 |0. 17033] 39 |5. 87080 1009 |i 01440| 5 |0. 98580] 5 | 20 
41 | . 16820| 28 |’. 94521) 1915 | ° 17063] 35 | 86051] jop7 | 01445) 5 | 98575) 5 | 19 
42 | | 16849| 2 | | 93509] 1902 | . 17093] 35 | . 85024] jo93 | - 01450) 5 | 98570) 5 18 
43 | | 16878| 22 | © 92501] {003 | . 17123] 35 | - 84001] joq9 | - 01455) 5 | - 98565) 4 17 
44 | | 16906| 28 | : 91496] 190° | ° 17153] 35 | 82982] jo1g |_-01460) ¢ | 98561) 5 16 
45 |0. 16935] 55 [5.90495] ggg |0. 17183| 3 [5.81966] 4913 [I 01466) 5 |0. 98556, 5 | 15 
46 | . 16964| 22 | 89497] 998 | - 17213] 35 | - 80953] joo9 | 01471) 5 | - 98551) 5 | 14 
47 | | 16992| 28 | ‘ 38502] 99? | - 17243] 39 | - 79944! joog | - 01476) 5 | - 98546) 5 13 
48 | 17021] 29 | 87511] gz | - 17273) 39 | - 78938 1006 | 01481; 2 | . 98541) 3 | 12 
49 | | 17050| 22 | 86524] 98% | - 17303] 39 |. 77936] “ggg | 01486] 5 | 98536) 5 il 
50 |0. 17078] 5 5. 85539| gg, |0. 17333) 39 |5. 76937 nog {i 01491] 5 0. 98531) 5 | 10 
51 | -17107| 29 |. 84558, 987 | . 17363| 39 | 75941) goo | 01496] 5 | - 98526) 5 9 
52 | .17136| 22 | 83581] 94e | . 17393] 39 | - 74949] ogg | - 01501] 5 | - 98521) 5 8 
53 |. 17164| 28 | 82606] 97° | - 17423] 35 | . 73960| ggg | - 01506) g | - 98516) 5 7 
54 | | 17193 22 |. 81635] 922 |. 17453] 35 |. 72974] gp | 01512) 5 | 98511) 5 6 
5B (0. 17222| og |5. 80667| gq 0. 17483] 39 [5 71992| org |. 01517) 5 0.98506] =| 5 
56 | . 17250] 28 | | 79703] 8b4 |. 17513] 39 | - 71013) g7g | - 01522) 5 98501] 2 | 4 
57 |. 17279| 20 |. 78742] 989 | - 17543] 39 | - 70037] 973 | 01527) 5 98496] >| 3 
58 |. 17308| 22 | | 77783] 922 | . 17573] 39 | - 69064) 979 | - 01532) 5 98491] 2] 2 
59 |. 17336| 35 | | 76829| 925 | . 17603] 39 | _- 68094) ogg | - 01537| 5 98486] >| 1 
60 10. 17365 5. 75877 0. 17633 5. 67128 1, 01543 0. 98481 0 
nN ; : . t 
99°. cos eal sec ae cot a tan as csc oy sin D80° 
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TABLE 31 


Natural Trigonometric Functions 


10°> 
y sin Diff, ¥ 
lit, 
0 lo. 17365 5. 75877 1. 01543 0. 98481 
1 |. 17393 "74929 ae 17663] 3) | . 66165] 363 | ° 01548 : 98476] > fo 
2 | .17499] 2° | ° 739083 17693 " 65205 " 01553 98471, ° | 58 
3 17451 oe | - 73041 bd "17723 an 64248 a "01558 : 98466 2 57 
if aira fc iog 5 [ites Saeny gt foun ian 3 
6 17537 ee 70234 ook "17813 on 61397 ae ae : : pales : os 
-17565| 28 |: 

S| 7504) 28 | 5877) 927 | i7s73) 3° | Ssoni1) 2 | cores] 8 | Sesto] 5 | 88 
gche bee: Hee eee 
11 | .17680| 22 |": 65616} 217 |: r7063| 30] S6zc6| 932 tee 6 |° Ge 5] 
12 | 17708] 28 |‘ 64701] 915 | ° 179931 80 | °35777| 929 | ‘ojeocl 5 as 51 Ge 
13 17787 ae : 63790 ae "18023 2 54851 aoe 01611 : 98414| § fe 
. 17766 . 62881 ; , ; 5 
15 [oc17704| 2° |s-ero7a| 2° Io-asosal 2° fe-eeess] 920 | OSLO g |. 98409) 5 | 46 
16 | . 17823] 29 |°° 61073} 293 | 18173] 891° 599901 (917 hina 5 eeeegai® | an 
17 | .17852| 29 | ©0174] 899 | °181431 30| “Sir76| 914 | oreasl 6 | oscedl 5 | as 
18 | :17880| 28 | ‘502771 897 | “181731 30 | ‘50264 912 | “oieasl 5 | “osseal 5 | ae 
19 | | 17909 oH 58383) 894 | | 18203 a0 ' 49356 aoe 01643) 2 Hees 6 i 

20 (0. 17937 B74 1 18451 Toie49| © 5 
a tea an Pea se PSE) go ae) ng fog 5 gary 3 Pa 
22, | | 17995) 28 | | 55720] 885 | ° 189931 3 | ° 4egas] 900 | resol 5 | ‘oosasl 5 | 22 
23 | | 18023| 25 | ° 54837] 883 | ° 1s393| 301 © 45751| 897 | “oreesl 6 | “oosccl 6 | 38 
24 | | 18052 a 53958 aoe "18353 30 | | 44857 or go1670|008 eee 5 2 
25 10. 18081 5. 43966 1. 01674) © lo.asasail © 
2] log 2 Stn see FSG ao peg Soe fone ogy 3 Fa 
27 | . 18138] 29 | | 51337 o- "18444 eh 42192] 886 |“ ojgs7| 8 BE 6 3 
28 | . 18166 . 504 , 883 | ° 5 
BS [454s] | G04) Sap | Sasszd 33] Satan] 88 | ee) 8) ossad 3 | 
30 |0. 18224 5. 4874 ; Sh a Fg 5 LS oe 
31 | . 18252 ae ae ore sheer an ase Brow Et pipe lee yee 5 oo 
32 | . 18281 . 47023 18594 , S720 5 5 
ae ee mile 18) 37805 "01714 98315 28 
33 | . 18309 - 46169 30 869 6 
24 | 183s] 35 | 45517) $93 | ts0s4] $0 | “Sooro] 88° | otras] 3 | cesane) 8 | 34 
nee oe : 
ge Ds 1887 28 pate 346 |0 1shy 30 TEE Bi 3 1. 01731 : 0. 98299 ; 35 
18395] 95 | . 43622) 846 |” "3434 ‘01736 98294 24 
37 | . 18424 _ 42778 18745| 31 487| 858 1742] 6 6 
28 g41 | - 18745 . 33487 . 01742 98288 23 
38 | . 18452 41937 30 856 5 
30 | | tsasi] 22 | \dioao] 888 | 1809] 30 | S208 5s | 017871 5] - oszsa) @ | 22 
40 10. 18509] 54 |5. 40263 0. 18835| 3 [5.30928] 8° Iror7ss| © 72| > 130" 
41 | . 18538] 59 | - 39430 BE "18865 30 “30080| 848 | giveql 61° fete 51 fo 
. 18567 . 38600 18895 “aQparl [S40 et nice | &S 6 
aa Bog | - 18895 29235] 3 01769 98261 18 
43 | . 18595 37772 30 842 6 
44 | ts62s] 22 | Sour] $25 | 1802] 30] 28808) suo | 00779) 5 | < 98258] 8 | 17 
45 0. 18652| 54 |5. 36124 5 10. 18986 5. 26715 oe 1. 01786 " 0. 982 as | 
46 | . 18681] 59 | . 35304 820 19016, 29 |” o5g89) 835 | 6 45} 5 | 15 
47 | . 18710] 38 | - 34486 Bes "19046 if 25048| 832 “Ome 6 AoE) 6 ‘3 
. 18738 . 33671 o 19076 - : 830 ‘ 5 : ; 5 
29 812 |: ) . 24218 . 01803 98229 12 
49 | . 18767 . 32859 19106] 30 827 6 6 
<i s 28 810 |_- 19106) 35 | . 23391) oo. |. 01809 98223 11 
50 0. 18795 ae 5. 32049 she 0. 19136 30 {5 22566] oo. |i. 01815 : 0. 98218 3 10 
52 | . 18852 35 | | 30436 eon 19197 ee 819 es 6 wee 5 : 
. 18881 . 29634 : 7 soni act | Sisn 6 
54] ‘Tsoro] 29] demas) 801 | 9324) 30 | FOUCET sig | -onsaal 8 | osz0i] 8) 7 
5 Se - See pA Sat teeta she . 1 5 
Se ee ce rc 
a 27241) tgs |. oat can lip o1sde 98185 4 
oo 19347 16863 01854] © 6 
58 | | 19024 "25658, 799 | ° 9379] 31 805 | - 6 | eee sl ae 
50 | 19052] 28 |: 32638| zas_| - 19878] 39 | - 16058] 809 | c1seo| S| Sosrza] B | 9 
60 10. 19 29 |." 786 |; 19408) 35 | . 15256 . 01866 98168 1 
x 081 5. 24084 0. 19438 5.14455] 8°! 1 oigzal 6 lo, og163) 51 o 
Diff 
100° 98 | 4, | sec Diff, » * 
> uf, 
0 1 tan e79° 
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TABLE 31 


Natural Trigonometrice Functions 


cot 


. 19081 . 24084 0. 19438 . 14455 
= L909) . 23301 . 19468 . 13658 
. 19138 . 22521 . 19498 . 12862 
. 19167 . 21742 . 19529 . 12069 
. 19195 . 20966 . 19559 ~ 11279 


Pia 


0. 19224 . 20193 . 19589 . 10490 
. 19252 . 19421 2 190h9 . 09704 
. 19281 . 18652 . 19649 . 08921 
. 19309 . 17886 . 19680 . 08139 
. 19338 AP . 19710 . 07360 


. 19366 . 16359 . 19740 . 06584 
. 19395 . 15599 . 19770 . 05809 
. 19423 . 14842 . 19801 . 05037 
. 19452 . 14087 . 19831 . 04267 
. 19481 . 13334 . 19861 . 03499 


Seervencrs 


. 19509 5. 12583 0. 19891 
. 19538 . 11835 19920 
. 19566 . 11088 . 19952 
. 19595 . 10344 . 19982 
. 19623 . 09602 . 20012 


. 98073 
. 98067 
. 98061 
. 98056 


. 98050 
. 98044 
. 98039 
. 98033 
. 98027 


. 98021 
. 98016 
. 98010 
. 98004 
. 97998 


0. 97992 
. 97987 
. 97981 
. 97975 
- 97969 


. 97963 
. 97958 
. 97952 
. 97946 
. 97940 
. 97934 
. 97928 
. 97922 
. 97916 
. 97910 


. 97905 
~ 97899 
. 97893 
. 97887 
. 97881 


. 97875 
. 97869 
. 97863 
. 97857 
. 97851 
. 97845 
. 97839 
. 97833 


. 19652 5. 08863 . 20042 
. 19680 . 08125 . 20073 
. 19709 . 07390 . 20103 
. 19737 . 06657 . 20133 
. 19766 . 05926 . 20164 


. 19794 . 05197 0. 20194 : 
. 19823] 59 | . 04471 . 20224 : . 02025 
. 19851 . 03746 . 20254 : . 02031 
. 19880 . 03024 . 20285 : . 02037 
. 19908 . 02303 . 20315 ; . 02043 


. 19937 5. 01585 0. 20345 : . 02049 
. 19965 . 00869 . 20376 : . 02055 
3, 19994 5. 00155 . 20406 : . 02061 
. 20022 4, 99443 . 20436 , . 02067 
. 20051) 56 | . 98733 . 20466 : . 02073 


. 20079 4, 98025 0. 20497 : . 02079 
. 20108 . 97320 . 20527 : . 02085 
. 20136 . 96616 . 20557 é . 02091 
. 20165 . 95914 . 20588 ; . 02097 
. 20193 . 95215 . 20618} ay | . . 02103 


. 20222 . 94517 . 20648 : . 02110 
. 20250 . 93821 . 20679 ’ . 02116 
. 20279 . 93128 . 20709 i : . 02122 
. 20307 . 92436 . 20739 ; . 02128 
. 20336] 5, | . 91746 . 20770 : . 02134 


. 20364 . 91058 . 20800 . . 02140 
. 20393) 59 | . 90373 . 20830 ; . 02146 
. 20421 . 89689 . 20861 : . 02153 
. 20450 . 89007 . 20891 : . 02159 
. 20478 . 88327 . 20921 ; . 02165 


. 20507 4, 87649 . 20952 4. . 02171 
. 20535 . 86973 . 20982 F . 02178 
. 20563 . 86299 . 21013 , on . 02184 
. 20592 . 85627| 2 . 21048 Y . 02190 
. 20620 . 84956 . 21073 : . 02196 


. 20649 . 84288 . 21104 ; . 022038 
. 20677 . 83621 . 21134 2 f . 02209 
. 20706 . 82956 . 21164 : . 02215 
. 20734 . 82294 . 21195 : . 02221 . 97827 
5 . 20763 . 81633 . 21225 : . 02228 . 97821 
60 |0. 20791 . 80973 . 21256 : . 02234 . 97815 


DUDAD UNADAN DHAND DABDADHD ANBDAAD AHAAAD AHAAOADD DOXRBAOAD DHAAD DAAMD AAAAIM AAAAIN 
DODAD ARADAD AADAAD MAAAA DAAAM ABAAAAMA DAHON DXAXAMA HDIAAAA AADWAD AADHAMIH AAIHAH 


SCrPNWHOUONWOO 


LS 
7 
Le | 
Co> 
te) 


101 0., cos He sec ut cot re ue csc ‘| sin 
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TABLE 31 


Natural Trigonometric Functions 


21256] o, |4. 70463 1. 02234 . 97815 60 

657 | . 21286) 30 | 69791| 872 |‘ o2240| & |. 97809] 6 | 59 
pee |. 21316] 30 | 69121; 87° | 02247] 7 | . 97803) 8 | 58 
oe |. 21347] 32 | . 68452] 862 | ‘ 02253] 6 | 97797] & | 57 
bsg | 21377] 3° | | 67786} B88 | 02259) | -97791| ? | 56 
gag 0. 21408] 3, |4. 67121) gay |1. 02266 4 |0. 97784| 4 | 55 
o4e | - 21438) 2° | . 66458} 863 |< 02272] 8} 97778! @ | 54 
oan | - 21469] 35 | 65797, C82 | 02270) 7 | .o777al°'8 | 53 
bay | - 21499) 3) | . 65138} 822 |: 02285] 6 | 97766 6 | 52 
bai [21529] 39 | 64480] 828 |: 02201] © | 97760 6 | 51 
639 [0 21560) 35 [4 63825 g., |i. 02298| ¢ |0. 97754 4 | 50 
gag | - 21590] 30 | 63171) 822 | 02304, § | . 97748) 6 | 49 
pag fe 2te2iy 3) | ce251s|s 628 jsoastrh!! booze jade 
bee -| - 21651) 3° | -e1s6s) 88° | - 02317} 6 | © 97735) 7 | 47 
bag |. 21682| 35 | 61219 84? | | 02323] § |: 97729) 6 | 46 
639 |0- 21712) 3, [4 60572] g45 |i. 02330| 4 |0. 97723] ¢ | 45 
go9 | - 21743] $5 | .59927/ B42 | 02336 $ |. o7z17] 8 | 44 
boy (fe 2tezay 8? | cpozeal Oj) cozseali' 2 |p o7mi ile jogs 
B26 | - 21804] 35 | 58641) B42 | ‘o2349| & |: 97705] 8 | 42 
Got | 21834] 29 | 58001) Bae | 02356) 7 |: 97608] 7 | 41 
629 0. 21864] 5, |4 57363) ga |. 02362) ~ |0. 97602) , | 40 
620 | - 21895] 35 | . 56726] B32 |: 02369] 2 |. 97686 6 | 39 
Big | -21925| $9 | 56091) 835 |‘ o2375| & | : 97680) & | 38 
21956] 34 | .55458| 632 |. 02382) 7 | | 97673| 7 | 37 

21986] 37 | . 54826] 632 | | 02388) $ | | 97667| 6 | 36 

22017| 39 |4 54196| gog [1 02395) - |0. 97661| 4 | 35 

22047) 3) |. 53568| B55 | .02402| 7 | . 97655 6 | 34 

22078| 35 | .52941| 857 |. o2408| § | 97648] 7 | 33 

22108] 37 | .52316| 632 | 02415) 7 |. 97642| 6 | 39 

22139] 35 | .51603/ 653 |. 02421| § | | 97636, 6 | 31 

22169] 31 [4 51071| gq |1. 02428] - [0 97630| ~ | 30 

22200| 3) | 50451) 670 | 02435] 7 | 976231 7 | 29 

22231] 34 | .49832| B17 | .02441] &| ‘97617, 6 | 28 

22261] 3) | . 49215] Bin | 02448) 2 |. 97611] 8 | 27 

22202] 35 | 48600] 817 | .02454| § | 97604} 7 | 26 

22322] 5, |4 47986] g15 |1. 02461) » |0. 97598] 4 | 25 

22353) 34 | .47374| Bia | 02468, 2 | . 97592) 8 | 24 

22383] 31 | . 46764} Boo | 02474, 8]: 97585] 7 | 23 

22414] 35 |. 46155| Go | . 02481] 7 | :97579| 6 | 20 

22444] 39 | 45548] Ben | 02488) 2 | | 97573| 6 | 21 

22475] 59 [4 44942| go, |1. 02494] ~ 10. 97566| 4 | 20 

22505] 37 | .44338| 803 | . 02501 7 | :97560| § | 19 

22536] 31 | . 43735, 603 | 02508; 2 |: 97553) 7 | 18 

22567| 35 | 43134] 60) |. 02515, 7 |: 97547] 8 | 17 

22597| 3) | 42534) 809 | | o2521| 8 | | 97541] & | 16 

22628| 39 [4.41936 25 |1. 02528| . |0. 97534) @ | 15 

22658) 3) | . 41340, Per | 02535) 7 | . 97528, 8 | 14 

22680] 39 | 40745) 393 |. 02542] 7 |: 97521] 7 | 13 

22719| 37 | . 40152) 393 |. 02548| $1 97515) § | 12 

22750| 31 | 39560] 327 | 02555, 7 |. 97508) 7 | 11 

22781 39 |4. 38969) 22 {1 02562] 10. 97502) « | 10 

22811] 35 | . 38381] Pes | 02569, 7 | 97406 &| 9 

22842| 35 | .37793| 285 | .02576 2 | :o74g9| 7] 8 

22872| 3) | .37207| aq | . 02582) $ |‘ 974s3) S| 7 

22903] 31 | . 36623] 283 | 02589) 7 | | 97476 Z| 6 

22934) 3 |4. 36040| 52) 1. 02596) 7 |0.97470| | 5 

22964] 37 |. 35459| 284 |. o2603| 7} / 97463] 2 | 4 

22905] 31 | . 34879] 259 | 02610) 7 | 97457] 8] 3 

23026] 35 | -34300| 372 | 026171 7} 97450, Z| 2 

23056] 3) | 33723] 277 | oae24| 7 | ‘o7aaa] S| 1 

23087| 3! |4. 33148 1. 02630 97437 0 

: ’ q : * 
cot stk tan pe esc nik ‘| sin rae 7° 
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TABLE 31 


Natural Trigonometrice Functions 


aa) 

“EF peek 
[> 

en 
fe} 


. 22495 : . 23087 : . 02630 
. 22523 ; . 23117 ‘ . 02637 
. 22552 : . 23148 ; . 02644 
. 22580 3 . 23179 ‘ . 02651 
. 22608 ‘ . 23209 : . 02658 


. 22637 : . 23240 ; . 02665 
. 22665 : . 23271 . 29724 . 02672 
. 22693 : . 23301 . 29159 . 02679 
. 22722 ‘ . 23332 . 28595 . 02686 
. 22750 ‘ . 23363 : . 02693 


. 22778 : . 23393 : . 02700 
. 22807 : . 23424 . 26911 . 02707 
. 22835 3 . 23455 . 26352 . 02714 
. 22863 3 . 23485 . 25795 . 02721 
. 22892 : . 23516 . 25239 . 02728 


. 22920 : . 23547 . 24685 . 02735 
. 22948] 59 | - . 23578 . 24132 . 02742 
. 22977 ; . 23608 . 23580 . 02749 
. 23005 : . 23639 . 23030 . 02756 
. 23033 ‘ . 23670 . 22481 . 02763 


. 23062 ; . 23700 . 21933 . 02770 
. 23090 : . 23731 . 21387 . 02777 
. 23118 : . 23762 . 20842 . 02784 
. 23146 : . 23793 . 20298 . 02791 
. 23175 : . 23823 : . 02799 


. 23203 , 0. 23854 . . 02806 
. 23231 : . 23885 . 18675 . 02813 
. 23260 : . 23916 . 18137 . 02820 
. 23288 ‘ . 23946 . 17600 . 02827 
. 23316 j . 23977 . 17064 . 02834 


. 23345 . 0. 24008 . 16530) . 02842 
. 23373 : . 24039 . 15997 . 02849 
. 23401 ‘ . 24069 . 15465 . 02856 
. 23429 : . 24100 . 14934 . 02863 
. 23458 : . 24131 . 14405 . 02870 


. 23486 : . 24162 . 13877 . 02878 
. 23514 é . 24193 . 13350 . 02885 
. 23542 : . 24223 . 12825 . 02892 
. 23571 ; . 24254 . 12301 . 02899 
. 23599 : . 24285 . 11778 . 02907 


psd E16 Q |. 
. 23627 : 0. 24316 4. 11256 1. 02914 
. 23656 ‘ . 24347 . 10736 . 02921 
. 23684 ‘ PORES . 10216 . 02928 
23012 . . 24408 . 09699 . 02936 
. 23740 ql . 24439 . 09182 . 02943 


. 23769 : 0. 24470 4. 08666 ; 1. 02950 
. 23797 . . 24501 . 08152 . 02958 
. 23825 . . 24532 . 07639 . 02965 
. 23853 3 . 24562 . 07127 . 02972 
. 23882 ‘ . 24593 . 06616 . 02980 


. 23910 : 0. 24624 4. 06107 1. 02987 
. 23938 : . 24655} © . 05599 . 02994 
. 23966 : . 24686 . 05092 . 03002 
. 23995 : . 24717 . 04586 . 03009 
. 24023 : . 24747 . 04081 . 03017 


. 24051 ; 0. 24778 . 03578 i 1. 03024 
. 24079 5 . 24809 . 03076 . 03032 
. 24108 ; . 24840 . 02574 . 03039 
. 24136 ; . 24871 . 02074 . 03046 
59 | . 24164 3 2 . 24902 . 01576 . 03054 
60 |0. 24192 : 0. 24933 . 01078 1. 03061 


my U UT SPAT ATA AT OO INIT SSIS SIO NININT SIO NIST INO NIA I ONND NINA NOIND NAITO NANA 


CRPnNweroanwneo 


mS, 
a 
x 
a 
° 


103° cos iff. iff. cot iff. tan iff. csc 
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TABLE 31 


Natural Trigonometric Functions 


cot 


. 138357 . 24933 . 01078 
. 12875 . 24964 . 00582 
. 12394 . 24995 . 00086 
11915 . 25026 . 99592 
. 11487 . 25056 - 99099 


. 10960 . 25087 . 98607 
. 10484 . 25118 . 98117 
. 10009 . 25149 . 97627 
. 09535 . 25180 . 97139 
. 09063 . 25211 . 96651 


. 08591 . 25242 . 96165 
. 08121 . 25273 . 95680 
. 07652 . 25304 . 95196 
. 07184 . 25335 . 94713 
. 06717 . 25366 - 94232 


. 06251 . 25397 . 93751 
. 05786 . 25428 . 93271 
. 05322 . 25459 . 92793 
. 04860 . 25490 . 92316 
. 04398 . 25521 . 91839 


. 03938 . 25552 . 91364 
. 03479 . 25583 . 90890 
. 03020 . 25614 . 90417 
. 02563 . 25645 . 89945 
. 02107 . 25676 . 89474 


. 01652 . 25707 . 89004 
. 01198 . 25738 . 88536 
. 00745 . 25769 . 88068 
. 00293 . 25800 . 87601 
. 99843 . 25831 . 87136 


. 99393 , 25862 . 86671 
. 98944 . 25893 . 86208 
. 98497 . 25924 . 85745 
. 98050 . 25955 . 85284 
. 97604 . 25986 . 84824 


. 97160 . 26017 . 84364 
. 96716 . 26048] 5, | . 83906 
. 96274 . 26079 . 83449 
. 95832 . 26110 . 82992 
- 95392 . 26141 . 82537 
. 94952 . 26172 . 82083 
. 94514 . 26203 . 81630 
. 94076 . 26235 . 81177 
. 93640 . 26266 . 80726 
. 93204 . 26297 . 80276 


. 92770 . 26328 . 19827 
. 92337 . 26359 . 19378 
. 91904 . 26390 . 78931 
. 91473 . 26421 . 78485 
. 91042 : . 26452 . 78040 


. 90613 ; . 26483 . 77595 
. 90184 . 26515 » C7152 
. 89756 . 26546 . 76709 
. 89330 . 26577 . 76268 
. 88904 . 26608 . 15828 


. 88479 . 26639 . 75388 
. 88056 . 26670 . 74950 
. 87633 . 26701 . 74512 
. 87211 . 26733 . 74075 
. 86790 . 26764 . 73640 
. 86370 . 26795 . 73205 


OOO 9090 2 90980000 0 00 100 '0'G0 "00100 '00'80 00" G0'™1'G0 00/05 "00 00 <1'00 G2 "00 <3'60 00/60 "—¥'60 69 GH AT" 00 On <9 de"<9 "Od Graf Oo Ae "od Gola ganla stant tone aias 
ET NA SON OCT OT O0 TOG SUSI CO NTRG SY G0 AT SG Gd STI "TOs STRUEY aH oo neg ee stay onadetrageseteseggelaraeee 


e 


=i ree 


sec ; cot ‘| tan 


ah 

\J 

(Oe 
fe] 
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TABLE 31 


Natural Trigonometric Functions 


. 25882 . 86370 
. 25910 . 85951 
. 25938 . 85533 
. 25966 . 85116 
. 25994 . 84700 


. 26022 . 84285 
. 26050 . 83871 
. 26079 . 83457 
. 26107 . 83045 
. 26135 . 82633 


. 26163 . 82223 
. 26191 - 81813 
. 26219 . 81404 
. 26247 . 80996 
. 26275 . 80589 


. 26303 . 80183 
. 26331 eLOELS 
. 26359 . 79374 
. 26387 . 78970 
. 26415 . 78568 


. 26443 3. 78166 
. 26471 . 77765 
. 26500 . 77365 
- 26528 . 76966 
. 26556 . 76568 


25 |0. 26584 . 76171 : ; ‘ ; ; 
. 26612 . 75775 5 : . 03741 . 96394 
. 26640 . 75379 3 } . 03749 . 96386 
. 26668 . 74984 : de . 03757 . 96379 
. 26696 . 74591 : ' . 03766 . 96371 


. 26724 3 ; : - . 03774 . 96363 
. 26752 f 5 5 . 03783 . 96355 
. 26780 : ; ; . 03791 . 96347 
. 26808 : 5 ; . 03799 . 96340 
. 26836 E 5 . 588 . 03808 . 96332 


. 26864 . F i . 03816 . 96324 
. 26892 , is ou . 03825 . 96316 
. 26920 3 , 5; . 03833 . 96308 
. 26948 ; : ; i . 03842 . 96301 
. 26976 : , ; th . 03850 . 96293 


. 27004 ; ; 03858 . 96285 
. 27032 ‘ ; é c . 03867 . 96277 
. 27060 ; ; : . 03875 . 96269 
. 27088 ‘ ' . 5D: : . 03884 96261 
. 27116 : . BAS : . 03892 . 96253 
. 27144 ; , 3. 5457: 03901 96246 
. 27172 : . . 03909 . 96238 
. 27200 ; . 5S ; . 03918} °% | . 96230 
. 27228 ’ : e6a30ah . 03927} 3 | . 96222 
. 27256 ‘ : . 5S a. . 03935 . 96214 
. 27284 2 : : 3. 7 03944 . 96206 
. 27312 ' : : girs 03952 . 96198 
. 27340 ' : . o 03961 . 96190 
. 27368 : f . 03969 . 96182 
. 27396 : . : . 03978 . 96174 


. 27424 : ; 3. . 03987 . 96166 
. 27452 2 5 2 . 03995 . 96158 
. 27480 : : ; . 04004 . 96150 
. 27508 : : 3 . 04013 . 96142 
. 27536 : : : . 04021 . 96134 

‘ . 04030 . 96126 


—) 


eect it tra 4.4 
1 


pail 
o 
—) 
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sin 
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TABLE 31 


Natural Trigonometric Functions 


. 28864 
. 28895 
3 . . 28927 
. 27815 : . 28958 


0. 27843 : . 28990 
. 27871 ; . 29021 
. 27899 ‘ . 29053} ¢ 
. 27927 é . 29084 
. 27955 ; . 29116 


0. 27983 : 0. 29147 
3 PAE AY 
. 29210 
. 29242 
. 29274 
0. 28123 ; . 29305 
. 28150 : . 29337 
. 28178 5 . 29368 
. 28206 : . 29400 
. 28234 : : . 29432 


0. 28262 : 0. 29463 
. 28290 : ; . 29495] ¢ 
. 28318 z . 29526 
. 28346 ‘ . 29558 
. 28374 . . 29590) : 

0. 28402 : . 29621 
. 28429 : . 29653 
. 28457 4 . 29685 
. 28485 ‘ . 29716 
. 28513 : . 29748 


0. 28541 e 0. 29780 
. 28569 . ; . 29811 
. 28597 ; . 29843 
. 28625 ' . 29875 
. 28652 ' , . 29906] : 

0. 28680 : : . 29938 
. 28708 I . 29970 
. 28736 ‘ se . 30001 
. 28764 f . 30033 
. 28792 ; . 30065 

0. 28820 : . 30097 
. 28847 ; . 30128 
. 28875 : : . 30160 
. 28903 Ps . 30192} : 
. 28931 ; : . 30224 

0. 28959 Fl = . 30255) . 
. 28987 ; : . 30287 
. 29015 . : . 30319 
. 29042 : : . 30351 
. 29070 | : . 30382 

0. 29098 ; . 30414 
. 29126 : : . 30446) ¢ 
. 29154 : . 30478 


. 29182 z . 30509 
. 29209 . . 30541 


0. 29237 : . 30573 


_ 
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Natural Trigonometric Functions 
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0 Jo. 29237] ». 04569 3 | 60 
1 | . 29265] 28 04578 8 | 59 
2 | . 29203) 28 " 04588 3 | 58 
eat 20szinee 04597 Bt 87 
4 | . 29348) 24 " 04606 2 | 56 
5 |0. 29376| 55 04616 9 | 58 
6 | . 29404] 28 " 04625 2 | 54 
7 | . 29432| 28 " 04635 S| 53 
8 | . 20460] 28 "04644 3 | 52 
9 | . 29487] 22 04653 S| 51 
10 |0. 29515] 55 04663 9 | 30 
11 | . 29543) 28 ' 04672 3 | 49 
12 | | 29571 ’ 04682 48 
13 | . 29599 - 04691 4 47 
14 | | 29626| 2% 04700 & | 46 
15 |0. 29654) 55 04710 9 | 45 
16 | . 29682) 38 04719 5 | 44 
17 | . 29710 04729 43 
18 | . 29737 a ’ 04738 5 | 42 
19 | | 29765) 28 " 04748 2 | 41 
20 10. 29793 04757 9 | 40 
21 | . 29821 - 04767 5 | 39 
22 | | 29849 ' 04776 38 
23 | | 29876) 27 ' 04786 8 | 37 
24 | . 29904 ce 04795 . 36 
Ae se ap 
27 | _ 29987 Ee 04824 : 33 
28 | | 30015 " 04834 

28 9 
29 | | 30043| 38 "04843 3 | 31 
30 |0. 30071 1. 04853 9 | 30 
31 | . 30098 - "04863 9 | 22 
Hie Be ap. 
3:8 oi qe 
ee ,: 30237 ie "04911 24 
a 190299 rif en4080 : 
Sie soos ee 
41 | .30376| 28 04959 9 | 19 
F 27 ; ( 9 | 18 

42 | | 30403 04969 4 
43 | . 30431 - 04979 : 17 
ee a | Le 
46 | .30514| 22 "05008 9] 14 
47 | _30542| 28 "05018 9 | 13 
48 | _30570| 28 05028 9 | 12 
27 5038 aia 
49 | . 30597) 52 050 : 9 | 

50 10. 30625 ~ 0504 ‘ 
28 . 0505 9 
2 = 30680) 27 "05067 Pi ag 
53 | . 30708 oe 05077 4 7 

0508 

ee ls-so7es| 2 = aHnF A 
56 | .30791| 22 . 05107 e| 4 
57 | .30819| 22 05116 3 
58 | . 30846] 22 "05126 Mike 
59 | . 30874| 28 "05136 aier 
1 60 Io. 30902| 22 |3 "05146 0 
t Diffie 
107°- cos ee cse le 2° 
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TABLE 31 


Natural Trigonometric Functions 


i=) 


. 80902 
. 80929 
. 80957 
. 80985 
. 81012 


. 31040 
. 31068 
. 31095 
. 81123 
. 31151 


. 81178 
. 81206 
. 81233 
. 31261 
. 31289 
. 31316 
. 1344 
. 31372 
. 81399 
. 31427 


. 31454 
. 81482 
. 31510 
. 81537 
. 31565 


. 31593 
. 31620 
. 31648 
. 81675 
. 31703 


. 31730 
. 31758 
. 31786 
. 31813 
. 31841 


. 31868 
. 31896 
. 81923 
. 81951 
. 31979 


. 32006 
. 82034 
. 82061 
. 32089 
. 82116 


. 32144 
. 82171 
. 82199 
. 82227 
. 82254 


. 832282 
. 832309 
. 32337 
. 32364 
. 82392 


. 32419 
. 32447 
. 32474 
. 82502 
. 82529 
60 |0. 32557 


t 
108° 0s 


OCHMIDUMPwmweo ~ 
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TABLE 31 
Natural Trigonometric Functions 
19°> 
Diff. : i i © q 
l sin Vv csc a tan ee i cot ae sec a cos wi 60 
1! 
0. 32557 3. 07155 0. 34433 2. 90421 1. 05762 0. 94552 60 
. 32584| 37 | o6sg6) 32) | . 34465] 32 | oo147] 3/4 | | 05773) 12 | 94549) 19 | 59 
Oa OLS 27 | - 06637 258 . 84498 39] - 89873 273 . 05783 1d: 94533 10 58 
a ees 28 | - rete 258 . 84530 33 | - 89600 273 . 05794 Wl: 94523 9 57 
5 27 | 6 257 . 84563 33 |: 89327 272 . 05805 10 |— 94514 10 56 


. 32694 3. 05864 0. 34596 2. 89055 1. 05815 0. 94504 55 
28 257 32 272 sale | fy 9 
. 32722 07 | - 05607 257 . 34628) 99 | - 88783) 979 . 05826 10 |°: 94495 


OCOONMBW PWN OS 
o 


"39749 " 05350 " 34661 " 88511 " 05836 94485) 19 | 53 
 32777| 28 | | 05094 “a , 34693, 32 | ° 38240 At 05847| 1} | -94476| ,2 | 52 
. 32804| 27 | | 04839] 32? | . 34726) 33 | .87970 37) | .05858) t} | ..94466| 70 | 51 
10 |0. 32832| 5. 3.04584 5-- 0. 34758) 33 [2.87700] 575 |i. 05869| 4 |0. 94457 50 


11 | . 32859 " 04329 " 34791 “ "94447| 10 
12 | . 32887 = 04075 eee " 34g24| 33 | | 97161) 289 | © 05890) 11] | 94438] .9 | 48 
13 | .32914| 22 | ‘ o3g21) 33% | : 34856) 32 |: Seekle ta | . 94428) 1° 
14 | . 32942] 28 | * 03568 "34889 " 36624 "05911 94418 46 


15 |0. 32969 98 |2: 03315) 959 40. 34922) oo [2. 86356) o¢7 |1. 05922) |, 10. 94409) 4, | 45 
16 | . 32997 27 | - 03062 252 . 34954) 99 | . 86089) 567 . 05933) 4 | - 943899) “go 44 
17 | . 38024 27 | - 02810) 955) . 34987) 90 | . 85822) 567 . 05944 |: 94390 10 43 


18 | . 33051 "02559 "35020 "85555 "05955 94380 
19 | . 33079 = " 02308 ae , 35052) 32 | | 85289 ate 05965) +9 | . 94370) 10 | 41 
20 |0. 33106] 5, |3.02057| 525 |0. 35085] 34 |2. 85023| 56, |1.05976| ,, |0. 94361| 15 
a1 | . 33134] 22 |" o1so7| 33° |. 35118) 33 |. sa758| 362 | .05987| 1; | . 94351] 79 | 39 
92 | .33161| 22 | /01557| 23) | . 35150| 32 | | s44o4| 585 | 05998] 3) | 94342) 6 | 38 
23 | | 33180| 28 | ‘o1308| 349 | : 35183] 33 | - 84220, 382 | . 06009) 3; | . 94332| 19 | 37 
24 | . 33216| 2¢ | ‘o1059| 349 | : 35216] 33 | 83965) 535 | 06020) 54 | . 94322| "9 | 36 


25 0. 33244 3, 00810 0. 35248 2. 83702 1. 06030| ,, |0. 94313 35 
26 | . 33271 2 00562} 248 | . 35281 33 |" 33439 45 06041) }} | . 94303] 40 | 34 
27 | . 33298] 22 | -00315| 242 | : 35314] 33 | 83176] 583 | . 06052] 31 | - 94293] 79 | 33 
28 | . 33326] 28 |3. oo067| 248 | ‘ 35346) 32 |. sao14] S37 | - 06063] 1] | 942841 49 | 32 
29 | . 33353) 2! [2 oosai| 246 | | 35379) 33 | | 82653] 535 | ..06074] 3) | 94274 35 | 31 
30 |0. 33381| 5- [2.99574] 54, 0. 35412) 5 |2 82391| 56, |1. 06085) ,, |0. 94264| 4 | 30 
31 | . 33408] 22 |": 99320] 245 | 35445] 33 |. 82130] 584 | - 06096] 1; | . 94254] 76 | 29 
32 |. 33436| 28 | | 99083, 246 | : 35477] 32 | ° 81870) 38) | ..06107| 1; | - 94245) 49 | 28 


33 | . 33463 . 98838 . 35510 . 81610 - 06118 . 94235 27 
27 244 33 260 11 10 
| 34 | . 338490 28 |- 98594 245 . 35543 33 |_- 81350 259 - 06129) 3) | - 94225 10 26 


35 |0. 33518 2. 98349 0. 35576 2. 81091 1. 06140 0. 94215 25 
36 | . 33545 4 98106] 344 | . 35608 Sab 258 |° 11); 94206| 12 | 24 
37 | | 33573| 28 | : 97862] 244 | : 35641] 33 |. 80574) 532 | . 06162] 3] | . 94196) 39 | 23 
38 | . 33600| 2% |‘ 97619| 243 | : 35674] 33 | 80316 323 | . 06173) 1; | . 94186 
39 | .33627| 22 | .97377| 345 |. 35707 94176 


40 ]0. 33655) 97 |2. 97135} 949 = |9- 35740) 39 2. 79802 257 1. 06195) 4, 0. 94167) 49 20 
41 | . 33682 28 | - 96893) 9547 . 85772) 99 | . 256 : wl: 94157 
42 | . 33710 . 96652 . 85805 . 79289 256 . 06217 . 94147 
43 | . 33737) 57 | . 96411} 549 . 35838) 99 | - 79033 255 . 06228) 1, | - 94187) 49 17 
44 | . 33764) 95 | - 96171) 549 . 35871) 99 | - 78778 255 . 06239) 37 | - 94127) “9 16 


45 10. 33792 2. 95931 0. 35904 2. 78523 1. 06250 0. 94118 15 
27 240 33 254 11 10 
46 | . 33819 27 | - 95691 239 . 35937 32 | - cones 255 5 poaes Wl: 94108) 49 14 


47 | . 33846 28 | - 95452 239 . 35969 ‘ 253 : - 94098) 36 13 
48 | . 33874 . 95213 . 36002) 39 | - 77761 254 . 06283) 15 | - 94088) 46 12 
49 | . 33901 98 |: 94975} 598 . 36035} 939 |. 77507 253 . 06295) 47 | - 94078) 46 


11 
50 10. 33929 9. 94737 0. 36068 2. 77254 1. 06306 0. 94068 10 
51 | . 33956 94500] 22! - 36101 33 770 252 06317 11 - 94058 sc 9 
52 | . 33983 " 94263 3613 76750 

53 |. 34011 e 94026 a 36167 oe 76498 ae 06339] }] | - 94039 i 

54 | . 34038) 27 | © 93790] 236 | ° 36199) 33 |. 76247| 52) | 06350) 75 | . 94029] 19 | 


8 
7 
Lokal 260) 
55 |0. 34065 2. 93554 0. 36232 2. 75996 1. 06362| ,. |0. 94019 5 
26 | .34093| 22 | 933181 235 | | 36265| 22 |. 75746} 25° 11 |"" 94009] 19 | 4 
27 33 10)|ens 

2 

1 

0 


235 250 |° 
57 | . 34120 93083 36298 75496 "06384 93999 
58 | . 34147 ae " 92849 eee " 36331 Ze 75246, 250 | 06395 12 | 93989 ie 
59 | .34175| 23 | 92614] 332 | . 36364) 33 | 74997 93979] 10 
60 lo. 34202 2, 92380 0. 36397 0. 93969 


t « . . . 3 
109°> cos at sec 1’ cot 1’ ‘| tan 1’ ‘ csc 1’ sin 
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TABLE 31 


Natural Trigonometric Functions 


20° 
L sin ' ; 
an . ‘ 
a a sec pie cos 
4 0. 84202 ' 1 Dif 
. 34229 36397 —— 
2 2. 7474 
2 | 34987 $5 22 PHAUSS ano |: RUeaS vs [2508 a | 
4 | . 34311 36496, 32 51 ; 11 | - 93959 5 
bes e3 | PTT Ses 74 247 | - 06440 10 | 29 
0. 34339 _. 36529 2 feet 24g | - 06452 12 penae 10 | 38 
3 . 34366 0. 36562 2.73500 2a 06209 ii 93929| 10 i 
Aiea es ee Habe es 1. 06474) 5 |0. 93019 10 [2 
: 7 246 | - 06486 10 
9 | 3444s 36661) 33 |‘ 7a771| 245 | ° esos 11] * 93899] 10 | 33 
11 opto 36694) 55 |_. 72526 245 | - 06508 11 | * 93809] 10 53 
j 60 é 245 |1- 06531 10 
13 ||. 34557 36793| 38 72036 5 1 93869 
3 Sad | 06542) 42 10 | 50 
eos seg Tig aus | tes | fae | 
243 | - 5 10 
16 | . 34639 0.3689 33 |_- 71305 12 | - 93839 4 
; 2 243 . 06577 10 7 
17 | . 34666 36925| 33 2. 71062 i Tal 93829 46 
18 | . 34694 369 5) 39 | . 70819 243 |1. 06588 93819 1 
‘ 58 242 . 06600 12 1 45 
ee . 36991) 33 POS7a 240 Blea Wa Pe 10 | 44 
a1 | 34778 5 Seae| 33 |,- 700d p41 | - 96022) 45 | - 93789) 19 3 
. 37057 941 |_-.06634 10 
22 | . 34803 37090 33 2. 69853 11 |_-.93779 4 
. 37090 941 |1- 06645 19 |-4! 
23 | . 34830 BURR PE EY TS pec : 93769 
. 37123 06657] 12 40 
24 241 10 
a . 84857 . 87157 ss 80131 340 | - 96668) 73 ne 11 | 39 
26 |. 34912 a oe rea PNG | bard DBeoK it 93738) 10 | 37 
: Boe28 paiseeeGyiny | Pani 10 
1. 06703 10) 238) 
28 | . 34966 oheen 33 | - 68414 239 12 |9- 93718 
29 | . 34993 ple 33 | - 68175 239 | - 06715 93703] 10 4 
Bea ee eka, ~ 87322 938 | - 06726 11 8! 39 | 34 
30 |0. 35021 373581 33 | * 6y700 pers ti 2\|eaeeees 0 
erie . 06738 10 | 33 
31 | | 35048 0.37 33 |_-67700 237 11 | - 93688 
. 37388 938 |_-.06749 11 | 32 
32 | . 35075 37 34 |2: 67462 12 |_- 93677 
. 37422 1. 0676 10 | 21 
33 | . 35102 By peed POE 237 1 936 ner 
. 37455 06773) 12 67 30 
34 | . 35130 37 33 | - 66989 236 3 93657| 10 
35 0.35157 eae 537 | - 06784) 13 OG 29 
35 0. 35157 375211 33 |‘ genie peeeaatai|iaea 1 ee 
36 | . 35184 037554 33 _.66516| 23° | | 06 96| 17 | . 93637] 19 | 27 
37 | . 35211 at ea\eadt(emece 235 | -06807| j9 | . 93626) 74 | 26 
B7621)0o> 5 1" 06831) 12 616 25 
39 35266 3 3 "65811; 23° 831 93 10 
89 | . 35266 37654] 32 2 "06842| 11 606 24 
40 |0. 35293 Srenmass || Shc goee B5 Mosh l2l| tee 10] 5 
_. 37687 3 
41 | . 35320 0.3 33 |. 65342 aS 854) 19 | - 93585 1 
. 37720 933. |_- 06866 io | 22 
42 | . 35347 3 34 |2. 65109 ; 1g |= 93575) “2p 
43 ‘ . 37754 934 | 1. 06878 toes 
44 | 135402 “straa| %3) Gaow 288 | Soper) 1 93553) 19} io 
45 |0. 35429 o7eealtes|| paige 32 | 06901) 75 | . 93544) 1) 
; + 9000 . 06913 2 18 
46 |. 35456 Fs 34 [64177] 333 12 | - 935341 10 
2 . 37887 932 |_-.06925 2 17 
47 | . 35484 33 |2. 63945 93524) 10 
-37920| 32 1. 06 11 16 
48 | . 35511 a leatovtalae aie 936 9 10} }o2o 
; - 37953] 32 06 12 |9 93514 
49 231 948 15 
“50710, 36585 37986) 34 ecree ere dae BESTE 
51 | . 35592 ee 931 | - 06972} yo | . 93483) 17 
. 38053 930 |_-.06984 2 12 
52 | . 35619 39 |2. 62791 93472| 11 
38086] 3° 1.0 11 11 
53 930 |1- 06995 LO} 
54 | | 35674 38120) 34 | ° 6232) 33° | o7oo 12 |. 93452] 10 | 79 
55 (0. 35701 "gates || cera 99 | - 07019 15 | - 93441) 14 
56 | . 35728 o-aaosp| 34 [O84 B20 wisn r te oda ell lake 
. 38220] 5. 998 |_-07043 12 7 
57 | . 35755 33 |2- 61646 93420| 11 
38253; 33 1 1.0 12 6 
58 | . 35782 61418} 228 | ° 7055 10 
| 38286| 3° 0 12 |0- 93410 
59 |. 6 998 | - 07067 5 
alee Be film ae |e 1 eRe) | 3 
t ; 0. 38386) 2° 60736, 227 | ‘071 1! 19 | - 93379 10] 5 
110°> os Diff 2. 60509} 227 11. ae 11 | - 93368 in i 
cot Dif NG Diff 93358 0 
/ ° 
, iz 1’ esc Lif 1 van Ditle ae 
169° 


TABLE 31 


Natural Trigonometric Functions 
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1°> 
0 |0. 35837 79043 0. 38386 60509 1.07114 93358 60 
1 |. 35864| 27 |. 78832] 211 |: 38490] 34 |”. 60283] 226 |: 07126] 12 | . 93348) 19 | 59 
2 | 35891] 27 | | 78621; 311 |‘ 3g453| 38 |‘ e0057| 226 | | 07138) 13 | © 93837) 19 | 58 
3 |: 35018] 27 |. 7s410| 215 |. 38487| 34 |: 59831) 328 | 07150) 45 | - 93327| 3) | 57 
4 | 135945] 22 | 78200; 310 | | 38520| 33 | 59606] 393 | .07162| 15 | . 93316] 36 | 56 
5 |0. 35973| 5- |2.77990| 549 0.38553] 34 [2 59881| 552 |I. 07174] 55 |0. 93306) 1, | 55 
| :Se0zr| 22 |: Ff471] 209 |: Ssoa0) 83 |< Ssas2) 224 | Sorto0) 13 | 93285] 10 | 53 
9 
R foams ar] Hite, aoe | ioe 33 | aero Set ofan | art | 8 
Teh aeace) Mg 209 |— Ss 28 12 12 ie 
10 |0. 36108| 5- |2. 76945| og 0. 38721| 33 |2 58261) 553 |. 07235| 19 |0. 93253| 39 | 50 
11 | . 36135] 24 |. 76737| 308 | . 38754] 33 |. 58038) 553 | 07247] 75 | . 93243| 71 | 49 
12 | - 36162] 54 |. 76530) Sor |. 88787] 34 | 57815] 995 | 07259) qo | . 98232] 49 | 48 
13 | 36190] 57 | - 76323) Sy | . 88821) 33 | - 57503 99 |. i 1 | 42 
36217| 24 |} 76116) 30 | . 38854] 33 |< 57371] 357 | ..07283) 35 | . 93211) 19 
T5 |0. 36244] 5 |2. 75909| oq 0. 38888] 3, |2 57150) 555 |f. 07295] 15 |0. 93201| 1, | 45 
16 | . 36271] 57 | 75703] 3h |. 38921/ 34 | 56928) 357 | 07307] 73 | - 93190] 49 | 44 
| ee | fe a | tte | ae) ee |S | 
19 | | 363521 22 |. 73086| 206 | * 39029] 34 | < 56266 221 | : 07344] 12 | | 93159] 19 | a1 
19 | . 27 205 |_- 39022) 33 229 |--07344) 19 11 [4b 
20 |0. 36379) 5, |2. 74881) 594 |0.39055| 54 [2 56046] 919 1.07356] 15 |0. 93148) ,, | 40 
21 | . 36406] 54]. 74677| 3p4 | - 39089 33 | . 55827| 319 | 07308) j5 | - 98187) 49 | 39 
22 | 36884) a7 | - 74873 204 | - 381281 841° Peseo| 219 |“ oraga| 13 | oaisel 22 | 37 
24 | | 36488| 24 | 74065] 204 | | 39190| 34 |. 55170| 218 |: 07405] 13 | 93106] j? |_36 
jo eee) O7 203 |- sm be Biba de 12 11 
25 0. 36515] 5 |2. 73862) 59, 0. 39223 5, |2 54952| o)5 |1- 07417) 45 |0. 93095) 1, | 35 
26 | . 36542| 57 | 73650 53 |. 39257| 33 | - 54734] d1g | - 07429) 13 | - 93084) J | 34 
27 | - 36869) 97 | - 7356) 02 | - So7eal 384 |< S490] 217 |“ orasa| 12 | o3063| 1! | 32 
20 |. 3e62a| 27-| ‘+ 202 | ° 39357) 33 |“ 54089] 217 |‘ 07466) 12 | | 93059| 12 | 31 
29 | | 36623| 27 | 73052) 555 | 39357] 34 orale 2 2} 10 
30 |0. 36650| 5- [2.72850] 59; 0. 39391| 3, |2. 53865] 957 |1. 07479| 15 |0. 93042| 4, | 30 
a1 | . 36677| 3% |. 72649] So; | - 30425] 33 | - 58648] 314 | -97491| qo | - 93031) 1 | 29 
32 | | 36704] 37 | 72448 31 | - 39458| 34 | - 83432] 915 | - 07503] 73 | - 93020) yo | 28 
33 | .36731| 2% | 72247| 559 |. 39492 34 |. 58217| 31g | 07516) 19 | - 93010] 1; | 27 
34 |. 36758| 3% | | 72047 399 | . 39526| 35 | 53001] 5) | ..07528| 15 | . 92999) 1; 2 
35 |0. 36785| > |2.71847| 999 0. 39559] 34 [252786] 915 I. 07540) 13 |0. 92988] 19 
36 | . 36812] 24 | -71647| 799 | - 39593) 33 | - 52571) 914 | - 07553] 45 | - 92978) 1 | 24 
37 | 36839] 24 | | 71448| 199 | - 39626) 33 | 52357) 915 | - 07565] 43 | - 92967 4 | 23 
38 | | 36867| 25 | | 71249] 99 | - 39660] 34 | - 52142] 313 |. 07578| yo | . 92956) 4; | 22 
39 |. 36894| 37 | - 71050) 199 | .39694| 33 | . 51929] 934 |_.07590| 75 10 | 2 
af pom ar ros ane foe ace ae [Og ae Poa 
tS 2 DIB® Neorg oie’ 11 
42 | ‘ 36975| 27 |. 70455) jg> |. 39795) 34 | 51280) 315 | .07627| 13 | . 92913) 4; | 18 
43 | | 37002| 37 | : 70258] [7 | - 39829] 33 | 51076, 915 | - 976401 yo | . 92003) 49 | 17 
44 |. 37029| 2% |: 70061] 197 | . 39862) 34 | . 50864) 915 | -0 ja | eae a 
45 {0.37056 69864) 197 0. 39896| 54 |2 50652) 5,5 |I. 07665] 5 |0. 9 REL 
27 |. 69667 39930 50440 07677 92870 14 
Ber ee piphe? 196 | ° 3¢ 33 211 | * 97690] 13 |: 92859] 11 | 13 
47 | 37110] 22 | | 69471) 196 | - 39963] 34 | - 50229] oy | - 12 | - 92899) 10 | 13 
48 | . 37137| 24 | 69275] i9¢__| - 39997| 34 | 50018) 51; | - 07702) 33 | . 92849) 1; | 12 
49 | |37164| 24 | | 69079| tgs |. 40031] 34 | 49807) 319 | 07715) 45 7 
50 JO. 37191| 5- [2 68884) 92 [0. 40065) 35 2 49597] 91, 1. 07727/ 1 |0. 92827) 1 | 10 
51 | . 37218 68689 40098 49386 07740] 13 |. 92816] 13 
27 195 | * 49139| 34 | | 49177| 299 | | 07752 92805 8 
23 | Sya7al 27 |“ eaa90| 195 |: ao1ee| 24 |< as967| 222 |‘ o7765] 13 |: 92794| io | 7 
oO a ‘ 4 « é 
54 | | 37299| 22 | ‘ 68105| 194 |. 40200| 34 | - 48758] d99 | 07778) yp | 92784) 1 | 6 
55 |0. 37326) 97 [2 67911| jog |0. 40234) 55 [2 48549 ogg 1. 07790) 13 2773] 1, [ 
56 | . 37353) 97 | . 67718) 193 | - 4026/| 341 48i3a| 208 |‘ o7eie| 13 |‘ 92751] 1} | 3 
58 | .37407| 34 | . 67332) 195 | - 40335] 34 924] Soa | - 97828| 13 | 927401 11 | 2 
59 | .37434| 2/ | 67139] ig5 | - 40369| 34 |. 47 a a ul 4 
60 |0. 37461 66947 0. 40403 47509 1 07853 92718 
' 5 5 - : 4 Diff t 
11122 °° Be sec Mee cot oe tan ai csc ia sin : 8° 
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22°> 
L sin 1’ ; cos Diff. ¥ 
li 
0 |0. 37461) 5, . 92718} ,, | 60 
1} . 37488) 37 . 92707| 46 | 59 
2 | °37515| 5/ - 92697) if | 58 
2 |. 37543150 - 92686 T} | 57 
4 | . 37569| 37 92675] tf | 56 
5 |0. 37595) 57 92664) 5, | 55 
6 | . 37622] 5! 92653) i} | 54 
7 | . 37649] 5! 92642| 11 | 53 
8 | . 37676] 37 92631] ti | 52 
9 | . 37703 3! 92620] t} |_51 
10 |0. 37730] 5, 92609) ,, | 50 
tt | (87757\uee 92598] 31 | 49 
12 | . 37784| 27 " 08006 92587| 11 | 48 
13 | . 37811] 27 "08019 92576] t1 | 47 
14 | . 37838) 27 08032 92565] t] |_46 
15 |0. 37865] 5 92554 5, | 45 
16 | . 37892) 27 92543) 11 | 44 
17 | . 37919] 27 92532| 51 | 43 
18 | . 37946] 57 92521) 11 | 42 
19 | . 37973) 27 92510] tt | 41 
20 |0. 37999 5 92499| 5, | 40 
21 | . 38026) 3/ 92488) Ti | 39 
22 | . 38053| 27 92477| t1 | 38 
23 | . 38080| 27 92466] T] | 37 
24 | . 38107| 34 92455] 1} |_36 
25 |0. 38134] 5, 92444) 1, | 35 
26 | . 38161] 37 92432) 17 | 34 
27 | . 38188) 37 92421] tt | 33 
28 | . 38215] 27 92410] t} | 32 
29 | . 38241] 2° 92399] tt | 31 
30 |0. 38268 27 92388 11 30 
31 | . 38295] 37 92377 29 
32 | . 38322 92366 11 | 9 
27 66 8 
33 | . 38349) 37 92355| 15 | 27 
34 | . 38376] 37 92343) 14 | 26 
35 10. 38403 92332 2 
36 | . 38430) 37 Sep oo. 
37 | . 38456) 3° 92310, 11 | 93 
38 | . 38483) 37 92299 a 22 
£ . 88510) 54 92287 ' 21 
40 |0. 38537 22 20 | 
41 | . 38564 gi See 11 
42 | . 38591) 27 92254) 11] 18 
43 | . 38617 11 
27 92243) 55 | 17 
a 5 pee 7 92231] 57 |_16 
. 38671 ia 
46 | . 38698] 37 eoarente ee 
47 | . 38725 11 
i 92198 13 
48 | | 38752 12 
4 26 92186 11 12 
51 | . 38832) 27 ee i 
97 92152 9 
52 | . 38859) 9, 92141] 11 | 8 
53 | . 38886 11 
: 26 92130 7 
54 | . 38912 11 
baa ey 97 92119 12 6 
55 10. 38939 27 92107 aie 
56 | . 38966 37 92096] 1h | 4 
57 | . 38993 11 
27 92085 3 
58 | . 39020 12 
26 92073 2 
59 | . 39046) 20 920621 LL} 3 
60 |0. 39073 920501 12] 6 
t yO} 
Diff. F t 
[112290 9} sin igo 
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0 |0. 39073] o, |2. 55930] y75 0. 42447] 95 |2. 35585) j99 [1 08636] 13 |0. 92050 60 
1}. 30100) 22 |. 55755] p42 | . 42482) 32 | . 35395] tq | . 08649) 74 | . 92030 a To 
2} /30127| 27 | / 55580, t42 | . 42516) 35 | 35205) oq | - 08663) 73 | . 92028 11 | 58 
3 | 30153, 28 | 55405, 543 | . 42551] 32 | 35015) joq | - 08676, 14 | . 92016 ei LB7 
4 |.. 39180] 22 | 55231| 524 | . 42585) 34 | 34825) 539 |_. 08690] 73 | . 92005 in | 36 
5 |0.30207| 5- |2.85057| 174 |0. 42019] 5, [2.34636] gq I. 08703) 14 [0 91994) 4. | 55 
6 | .30234| 27 | s4gaa) t54 | . 42654) 34 | 34447) 199 | . 08717] 73 | . 91982 12°) 54 
7 | | 39260| 28 | 54709] 343 | . 42089] 37] 34258) 199 | . 08730) 44 | . 91971 11 | 53 
g | 39287) 22 | .54536, 543 | . 42722] 37 | 34060] joe | 08744) 73 | . 91959 7 lh 52 
9 | -39314) 22 | 54363] S23 | | 42757] 32 | 33881) 73g |_-08757) 44 | 91948) 75 | 51 
10 |0. 30341] 5, [2.54190] j75 0. 42791| 35 |2. 33003| jg9 I. 08771] 15 [0. 91986 ,4 | 50 
11 |. 39367| 28} 54017} 343 | . 42826) $1 | 33505, je | . 08784) 14 | . 91925) 1, | 49 
12 | /39304| 27 | {53845] 742 | 42860) $4 | . 33317) jg7 | - 08798) 73 | - 91914] yo | 48 
13 | 39421] 2% | | 53672| 773 | - a2soa) 3° | 33130, 134 | 08811) 14 | . 91902 14 | 47 
14 | 39448) 27 |‘ 53500{ 172 |‘ 42029] 3? | 2943/14 |_.08825| 14 | . 91891) jo | 46 
15 |0. 39474] 5- |2. 53320| 79 |0. 42063) 35 |2. 32756, gq |T. 08839) 15 |0. 91879] 1) | 45 
16 | 39501) 27 |". 53157| t27 | . 42008] 34 | 32570, jg7 | - 08852| 44 | . 91868) y> | 44 
17 | | 39528| 37 |: 52086) {41 | - 43032] 3% | 32383) 334 | 08866) 14 | . 91856) 17 | 43 
18 | | 39555 22 | - 52815, }44 |. 43067] $4] -32197| jigs | - 08880] 13 | . 91845) yo | 42 
19 | | 39581) 26 | ‘52645, ]4? |. 43101] 3% | 32012; jgg | 08893) 44 | . 91833) 47 | 41 
20 |0.39608| 54 |2. 52474, 12) |0. 43136] 5, |2 31826 1g, |1 08907] 1 |0. 91822) 1» | 40 
a1 | . 39635) 22° 52304, 12) |. 43170| 32 | 31641) igo | . 08920] 14 | . 91810) 7; | 39 
92 | | 39661) 2°] °52134| 169 | - 43205] 34 | 31456) jg° | . 08984) y4 | . 91799] 15 | 38 
23 | | 30688] 27 | .51965| fon | . 43230) 35]. 31271| igs | 08948) 14 | - 91787] yo | 37 
24 | 39715, 22 | 51795 170 |. 43274] 32 | 31086] 24 | 08962 13 | 91775) 77 | 36 
35 |0. 39741| 5> |2. 51626 gq |0. 43308] 35 |2. 30902) 24 |1. 08975] 14 |0. 91764) 5 | 35 
26 | 39768) 27 |. 51457, 163 | . 43343) 32 |. 30718) ig, | . 08089 14 | - 91752) yy | 34 
27 | /39795| 24 | 51280) 165 | 43378] 31 | 30534 jg3 | . 09003) 4 | 917411 yo | 33 
ag | 39822) 27 | \ 51120, 168 | 43aia] 35 | 30351) jg | . 09017] 73 | . 91729 yy | 32 
29 | . 39848| 2°] 50952] TBS |  43447| 34 |. 30167| jg | 09030) 14 | 91718) yo | 31 
30 |0. 39875] 5. [2.50784 jg7 0. 43481] 35 [2 20084) 1.5 JI. 09044) 14 [0. 91706 1 | 30 
31 | .39902| 22 |. 50617, 18 | . 43516 34 | 29801] jg> | - 09058) 14 | . 91694) 1} | 29 
32 | 39928| 3°} 50449, 163 |. 43550| 35 | 29619] jg> | - 09072) 14 | . 91683 19 | 28 
33 |. 39955| 2% | .50282| 167 | | 43585] 32 | .29437| jg, | - 09086 43 | . 91671) 14 | 27 
34 | | 39982 22 | 50115] 167 |. 43620] 34 |. 29254| igy | 09099) 14 | 91660) j2 | 26 
35 |0. 40008| 5- [2.49948] gq |0. 43654] 35 [2.29073] yep [I 09113} 14 [0. 91648) jo | 25 
36 | . 40035] 2% |. 49782| 166 | ° 43680] 35 |. 28801| 1g; | - 09127] q4 | - 91636 4] | 24 
37 | | 40062] 2/ | ‘ 49616] 166 | ° 43724 34 | 28710] gy | - 09141) q4 | - 91625 jo | 23 
38 | | 4008s] 26 | : 49450, 166 | | 43758| 35 | 28528, jg | - 09155) q4 | - 91613) 39 | 22 
30 | | 40115] 2/ |: 4oaga] 168 |. 43793] 37 |. 28348, yg] | - 09169) 14 | 91601) 44 | 21 
40 |0. 40141] 5> |2.49119| jg5 0. 43828| 3, [2 28167| gq |1- 09183) jy 0. 91590) yo | 20 
41 | .40168| 2% |. 48954] 163 |. 43862] 35 | .27987| yey | -09197| 14 | - 91578) qo | 19 
42 | | 40195| 27 | 48789] {62 | . 43897| 35 | - 27806] jgq | - 09211] y3 | - 91566 11 | 18 
43 | | 40221| 2° |: ase24| 162 | - 43082] 34 | -27626, 179 | - 09224) 14 | - 91555) yo | 17 
44 | _40248| 2/ | | 48459] 162 | - 43966 35 | 27447| 159 | 09238) qq | 91543) yo | 16 
45 10. 40275| 54 [2 48295| gq |0- 44001] g5 |2-27267| 79 1. 09252) 14 |0. 91531) yo | 18 
46 | . 40301| 26 |: asiai| 184 |: 44036 35 |. 27088] 17 | - 09266) y4 | - 91519) 4 | 18 
47 | | 40328) 2 |‘ a7967| 164 | - 44071] 37 | - 26909, 179 | - 99280] y4 | - 91508) qo | 18 
4 | | 40355] 2 | ‘ 47goa| 162 | \ 44105] 35 | 26730, 17g | - 09204) y4 | - 9149) yo | 1 
49 | | 4038i| 26 | 47640, 164 |< 44140] 32 |. 26552| 17g | 09308) 15 | 91484) yp | UP 
50 |0. 40408] 34 |2.47477| yg [0- 44175] 35 [2 26874] 17g |. 09823) y4 |0. 91472) 41 | 1 
51 |. 40434| 26]: a7aia| 163 | a42i0| 37] 26196 7g | --09337) 14] - 81461) 2 | 8 
52 |. 40461| 22 | | 47152] 162 | ° 44244] 35 | 26018] 17 | 99351) y4 | - 91449) 12 | 8 
53 |. 40488| 22 |: a6ggo| 163 | 44270] 35 | 25840, 177 | - 99365 14 | 91437) 12) f 
54 | | 40514| 26 |: aesa7| 162 | ° 44314] 35 |. 25663) 177 | 09379) jy | 91425) 11 | 6 
55 |0. 40541| 54 |2.46665| 1g, 0. 44349] 35 [2.25486 177 |1. 09303) 14 [0 91418) yo) f 
56 | .40567| 2°]. 4504| 162 | 44zeal 32 | 25300) 177 | - 09407) 14 | - 91402) 12 | 8 
57 | | 40594| 2” | ‘ 46gao] 162 | ° aaaig] 35 |. 25132] 174 | - 99421) 34 | - 91390) 12) 3 
58 | | 40621| 22 | 46181] 161 | | 44453] 35 | 24956, 176 | - 99485 14 | - 91878) 12] 7 
50 | _40647| 26 |< 6020) 161 |‘ aaass| 32 | 24780) 17g | - 09449 15 | 91868 11 | 9 
60 |o. 40674] 7 |2. 45859 0. 44523| °° |2. 24604 1, 09464] '° Jo. 91355 0 
t ae (Dit 
113° © ane sec mA cot ee tan a csc ee sin 1'<66° 
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TABLE 31 


Natural Trigonometric Functions 


27°> 
Diff. iff. 
nm sin 1’ csc 1’ tan 1/ cot 14 sec 1’ cos Dif. ¥ 
, V 
0 |0. 45399 2. 20269 0. 50953 1. 96261 1. 12233 0. 89101 
1 |. 45425} 26 [7 20143] 126 | 50989) 36 |: 96120, 14! |: 12249) 18 |< s9087| 14 4 
2) | 45451 ae 20018} 432 | -51026| 3! | | 95979 141 | ° 19966] 17 |: g9074| 13 | 58 
3 | | 45477| 26 | 19892) 126 |‘ 51063] 37 |‘ 9583s] 145 |. 12283| 14 | . 89061] 13 | 57 
4 | . 45503] 36 | © 19767| j52 | .51099| 36 | 95608] 14) |. 12209] 17 | . 89048 A 56 
geese teem ia, est Nema amy Neri Pree aa et 
7 | . 45580| 26 | . 19393 133 | 51209 30.) 205277 140 |. 12349| 18 | . so00s| 13 | 53 
8 | | 45606| 26 |: 19268) 139 |: 51246) 37 | 95137] 149 | - 12366] 74 | 88995] 14 | 52 
9 | . 45632] 26 | 19144) 735 |. 51283) 37 | 94907] 139 |_.12383] 14 | .88981| 13 | 51 
10 |0. 45658| 5, [2.19019] j54 0. 51319] 5- |i. 94858) 149 [I 12400 0. 88968 50 
11 | . 45684] 56 |. 18895] 353 | 51356] 3/ | .94718| 39 | . 12416 16 |" gg955| 13 | 49 
12 | | 45710) 5° | . 18772} 357 | 51393] 34 | 94579] 139 | . 12433 17 | * ggq49] 13 | 48 
13 | | 45736] 5° | 18648] 35, | . 51430] 37 | 94440) 39 | . 12450 17 | ° gggag| 14 | 47 
14 | | 45762] 5° |. 18524) 153 |. 51467| 34 | 94301] 139 |. 12467 17 | . 88915] 33 | 46 
15 10. 45787 2. 18401 0. 51503 1. 94162 i. 12484 0. 88902 45 
26 Ol) 104 37 139 17 |°: 14 
16 | . 45813] 26 | 18277] j55 | .51540| 34 | 94023] 138 | . 12501 " 88888 44 
17 | . 45839] 26 | 18154) 153 |. 51577| 54 | 93885] 33 | . 12518 17 | * ggg75| 13 | 43 
18 | . 45865] 26 | - 18031] 555 | .51614| 34 | 93746) 13— | . 12534 16 | * gggea| 13 | 40 
19 | : 45891] 26 | \ 17900} 122 | ° 51651] 32 |: 93608) 738 | - 12551] 14 |. 8884s) 13 | 41 
20 (0. 45917| 5 |2. 17786| 453 |0. 51688] 34 |1. 93470) j5_ |I. 12568] ,7 |0. 8835 40 
21 | . 45942| 25 1° 17663) 353 | . 51724] 39 | 93332) 337 | . 12585] 17 | . 88822 13 | 39 
22 | | 45968) 26 | isa] 135 | 51761] 37 | .93195| 334 | . 12602| ;7 | . 88808 14 | 38 
23 | . 45904] 26 |‘ izai9| 152 | | 51798] 57 | 93057) 137 | . 12619] 47 | . 88795 13 | 37 
24 | 46020) 26 | ' 17297] 135 | 51835 37 | 92920] 138 | . 12636) 47 | . 88782 uy 36 
25 |0. 46046] 5, |2.17175| joo |0. 51872) 5. |1. 92782| 457 |1. 12653] ,7 |0. 88768 35 
26 | . 46072| 28 |. 17053} 13? |: 51909] 37 | 92645) 334 |. 12670) ;7 | . 88755 13 | 34 
27 | . 46097| 3? | | 16932| 155 | -51946| 34 | 92508] 134 | . 12687) 77 | . 88741 14 | 33 
28 | . 46123] 26 | 16810] 157 | 51983] 34 | 92371) 136 | . 12704) 47 | . 88728 13 | 39 
29 | | 46149| 26 | ° 16689] 13, | 52020) 37 | 92235] 137 | . 12721] 47 | . 88715 i 31 
30 |0. 46175| 54 |2 16568} 15, |0. 52057] 37 1. 92098) 43, |1. 12738] ,7 0. 88701| 15 | 30 
31 | . 46201| 2° |° 16447] 13 | - 52094] 37 | 91962] 738 | . 12755] 77 | . 88688) 54 | 29 
32 | . 46226] 25 | | 16326) 139 |. 52131] 34 | 91826] 135 | 12772] 77 | . 88674) 13 | 28 
33 | . 46252| 2° | | 16206] 139 | - 52168) 37 | 91690] 338 | . 12789] yg | 88661) 44 | 27 
34 | . 46278) 26 | | 16085] 139 | . 52205] 3/ | 91554) 138 | . 12807] 17 | . 88647| 13 | 26 
35 |0. 46304| 5, |2. 15965] 59 |0. 52242! 37 1.91418) jy |i. 12824) 7 |0. 88634) 14 | 25 
36 | . 46330| 2° | 15845] 139 |. 52279| 34 | 91282] j32 | . 12841] 17 | . 88620) ;3 | 24 
37 |. 46355| 32 | /15725] 12) |: 52316] 37 | 91147] 132 | . 12858] 17 |. 88607] 14 | 23 
38 | . 46381| 2° | 15605] 13) | . 52353] 34 | 91012} 138 | . 12875] 17 | . 88593) 13 | 22 
39 | | 46407] 26 | \15485] 129 | .52390| 37 | 90876] j35 | . 12802] 72 | . 88580 14 | 21 
40 |0. 46433] 5. [2.15366] 59 |0. 52427| 5, |1. 90741] 154 I. 12910] 17 |0. 88566) ,3 | 20 
a1 | . 46458| 35 | isede] 12) |. 52404] 37 | 90607] [35 |. 12927] 77 | 88553) 14 | 19 
42 |. 46484] 26 |‘ i5ia7] jig | 52501] 34 | .90472| j35 | . 12044 17 | 88539] 13 | 18 
43 |. 46510| 2° |‘ 15008) 112 |: 52538] 3/ | 90337] 134 | . 12961] yg | 88526 14 | 17 
44 | | 46536| 29 | ‘i4gao] 119 | | 52575) 38 | 90203] 134 |. 12979] 7 | . 88512) 73 | 16 
45 |0. 46561| 56 [2.14770] 49 0. 52613] 37 |1. 90069] 134 |i. 12996] 17 |0. 88499) ,4 | 15 
46 |. 46587| 36 | 14651) 112 | 52650) 37 | 89935] 134 | - 13013) 1g | - 88485) 13 | 14 
47 | | 46613] 26 |: 14533, 118 |‘ 52687] 34 | so80i| i3q |. 13031) 77 | 88472) 14 | 13 
48 |. 46639| 2° |‘ 14414] 112. | ° 52794] 37 | so6e7] 134 | - 13048] 17 | - 88458) 13 | 12 
49 |. 46664] 25 | “14206} 118 |: 52761] 37 | 89533] 433 | 13065] yg | 88445) 14 | 11 
50 |0. 46690] 5, |2. 14178] 449 [0.52798] 3g |1. 89400] 34 1. 13083) 7 |0. 88431) 4 | 10 
51 | 46716] 2° | 14060] 118 | ° 52836] 3° | 9266] j33 |. 13100] 17 |. 88417/ 13] 9 
52 | . 46742) 26 |‘ 13942| f13 |. 52873) 35 | 89133] j33 | . 13117 14 | 88404] 13 | 8 
53 |. 46767| 32 | 13825] 112 |: 52910) 34 | .89000[ 433 |. 13135] 47 | 88390) 13] 7 
54 | . 46793| 26 | 13707] 118 | | 52047] 3f |. 88867| 533 |. 13152! 4g | 88377) 14 | 6 
BB |0. 46819| 5+ J2. 13590] 447 |0. 52985] 37 |1. 88734] 135 1. 13170) y7 |0. 88363) », | 5 
56 | . 46844| 25 | 13473) 117 | 53029) 34 | 88602] 533 | . 13187] 1g | -88349| 13 | 4 
57 | .46870| 2° | ° 13356] 112 |: 53050] 37 | 88469] j35 | - 13205] 77 | . 88336] jy | 3 
58 | _ 46896] 2° | / 13230] 117 | | 53096] 38 | -88337| 535 | - 13222] 17 | - 88322) 14 2 
59 | _ 46921] 35 | ° 13122) 112 | | 53134| 37 | 88205] 435 | . 13289] 7g |. 88308] 3 | | 
60 10. 46947 213005} 1% Jo. 53171 1. 88073 1, 13257 0. 88295 0 
n ; A 
117° °° re sec ee cot pit. tan pie. csc ae sin pi62° 
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0. 53171 
. 53208 
. 63246 
. 53283 
. 53320 


. 53358 
. 63395 
. 53432 
. 53470 
. 53507 


. 03545 
. 53582 
. 53620 
. 53657 
. 53694 


S4 
a 


|senctel eae 


is 
pay 
° 


1341 


TABLE 31 
Natural Trigonometric Functions 
cd i : : : e = ° 
29 sin pis csc we tan es cot me sec ee cos wi 50 
1 
0 Jo. 48481 2. 06267 55431 80405 1. 14335 0. 87462 60 
1}. 48506| 25 |. 06158) 109 |< 55469] 38 | sozsi| 133 | . 14354] 73 | . 87448) 74 | 59 
2| 48532] 35} ‘06050, 198 | 55507) $2 | 80158) 154 | . 14372) 19 | . 87434) 14 | 58 
3 | | 48557| 25 |‘ os942| 798 |. 55545| 38 | 80034] 153 | . 14391] 7g | . 87420] 54 | 57 
4 | | 48583) 26 | | 05835] 19% |. 55583| 38 |. 79911] 153 |_. 14409 4g |. 87406 45 | 56 
5 (0. 48608) 59 [2 05727| jqg 0. 55621| 30 |1. 79788] 153 |. 14428) 1g 0. 87391] 14 | 55 
6 | . 48634) 26 | ose19] 795 | - 55659{ 38 |. 79665] 153 | . 14446) 59 | . 87377] yy | 54 
7 |: 48659] 25 | 1 05512| 19% | . 55607| 35 |. 79542] 153 | . 14465 yg | 87363] yy | 53 
8 | | 48684] 25 | 105405] 13% | 55736, 33 . 79419] 153 | - 14483) yg | 87349] 34 | 52 
9 |: 4s710| 36]! os298) 19% |. 55774) 38 |. 79296 15 |. 14502] 79 | 87385) 14 | 51 
10 |0. 48735] 59 |2.05191| jg7 |0. 55812 3¢ |1. 79174 153 [I 14521] 4 |0. 87321] 15 | 50 
11 | . 48761| 3° |; 05084] 79 | - 55850) 38 |. 79051) {55 | - 14530| 19 | 87306 14 | 49 
12 | | 48786 25 |: o4977| {97 |< s5sas| 38] 78929) 155 | - 14558] 1g | - 87202) 14 | 48 
13 | | 48811] 25 | | 04870] 19% | 55926 33 | 78807] 155 | - 14576) yg | - 87278) 14 | 47 
14 | | 48837) 26 | | 04764) 198 | 55964) 35 | 78685] 155 | 14595) 79 |. 87264] 14 |_ 46 
15 |0. 48862| 5° |2.04657| sq 0. 56003) 35 |1. 78563) 55 i. 14614) 1, |0. 87250, 15 | 45 
16 | . 48888] 20 |": 04551) 198 |. 56041] 38 | - 7844i| 155 | - 14632) qo | . 87235) 14 | 44 
17 | : 489013] 35 | /04445| 196 |. 56079| 38 |. 78319) joy | 14651 yg | 87221) 14 | 43 
18 | . 48938] 25 | ‘ 04339] 198 | 56117) 35 | 78198, 15; | - 14670] yg | -87207| 14 | 42 
19 | ; 48964] 26 | | 04233, 18 |. 56156) 33 |. 78077) i55 |_- 14689] 1g | 87193) 75 | 41 
20 10. 48989 2.04128) jpg |0- 56194) 3g |. 77955, y1 |. 14707) 49 [0 87178) , 4 | 40 
21} . 49014] 25 |". 04022| 108 | 56232] $8 | . 77834] 391 | - 14726) yo | - 87164) 14 | 39 
22 | | 49040| 26 | ‘o3916, 108 | ° 56270| 88 | 77713, 15) | - 14745] 79 | - 87150) 14 | 38 
23 | | 49065] 22 |‘ 03811] 102 | 56309] 33 | . 77592] 19, | - 14764) yg | . 87136) 15 | 37 
24 | | 49090| 25 | ‘03706 10? |. 56347) 38). 77471] jo | -14782| 19 | 87121) 14 | 36 
25 |0. 49116 2. 03601| jos |0- 56385) gq |l 77351] y5; |1. 14801] 79 |0. 87107] 14 | 35 
26 | . 49141] 22 | . 03496 56424 77230, 121 | 14820) 19 | 87093] 14 | 34 
97 | 49166, 22 | | 03391; 195 | : 56462 - 77110, 130 | | 14839] 19 | 87079 35 | 33 
28 | | 49192] 26] ‘o3z86, 195 | ° 56501] 32 | 76990, 75) | - 14858) 49 | . 87064) 14 | 32 
29 | . 49217 a 03182 oes | 56539] 38 | | 76869] $59 |_-14877| 49 |_87050) 14 | 31 
30 lo. 49242 2.03077] 1p4. |0- 36577] 99 |1- 76749| jo9 |. 14896) jg |0. 87036 15 | 30 
31 | . 49268) 26 | . 02973 56616 76629] 120 | i4o14) 16 | 87021) 14 | 29 
32 | | 49293| 22 | _o2se9] 194 | | 56654] 38]. 76510) jo9 | - 14933] 4g | - 87007] 14 | 28 
33 | _ 49318] 22 | . 02765 hi 56693, 32 | | 76390| 120 | . 14952] 19 | - 86993] 45 | 27 
34 | | 49344| 25 | 02661] jh | 56731 38 | | 76271] 129. |_- 14971] 9 | 86978 74 | 26 
35 |0. 49369| >> |2 02557| 494 |0- 56769) 39 |1. 76151| 149 |. 14990) yo [0. 86964) 15 | 25 
36 | . 49394 22 | . 02453 56808 76032| 119 |< 15009| 49 | - 86949) 44 | 24 
37 | 49419] 22 | 02349] 104 | ° 56846] 38] - 75913] 339 | - 15028) 19 | - 86935] 14 | 23 
38 | 49445; 26| | 02246, 193 | | 56885 He 75794, 119 | \ 15047] 49 | - 86921| +5 | 22 
39 | . 49470 bi 02143 ine "56923 a 75675| 318 | | 15066) 49 | 86906, 44 | 21 
40 10. 49495 2. 02039| jpg |0- 56962) 39 |. 75556 149 |1- 15085] 99 |0. 86802) 4 | 20 
41 | . 49521] 26 |. 01936 57000 75437 112 |. 15105] 7g | - 86878) j5 | 19 
42 | | 49546) 22 | ‘01833; 192 | . 57039 a 75319, 118 | - 15124) 19 | . 86863) 74 | 18 
43 | _ 49871] 221 |01730| 193 | : 57078] 82 | . 75200) 37g | - 15143) 49 | - 86849) 45 | 17 
44 | . 49596 a "61628 ie 57116 a3 75082) 18 | | 15162) 79 | . 86834) 54 | 16 
45 |0. 49622 2.01525} 93 |0- 57155) 3g |1. 74964 14g |. 15181] yo |0. 86820) | 5 15 
46} . 49647| 22 | . 01422 57193] 39 |. 74846) 11g | - 15200] yo | - 86805) 14 14 
47 |. 49672| 25 | ‘01320, 102 | : 57232) 39 | 74728) i178 | - 152191 99 | - 86791) 44 13 
4g | 49607 22} /o12is| 1° 57271) 39 |. 74610) 118 | - 15239) 39 | 86777) 15 | 12 
49 | _ 49723 a "01116 faa 57309] 38 | 74402] {17 |_. 15258| 9 | 86762) 4 | 1 
50 |0. 49748 2.01014 57348| aq {1 74875) 149 |T 15277] 19 |0- 86748) 15 | 10 
51 | . 49773| 22 | . 00912] 102 | . 57386 $8 | .74257| 347 | - 15296) yo | -86733| a4] 8 
32 | . 49798] 2° | - 00810] 192 | | 57425) $9 | 74140) 14g | - 15815) 99 | - 86719) 15 8 
53 | _ 498241 261 ‘00708; 1° 57464) 39 | \ 74022] 31 | - 15335] 19 | - 86704) 14 7 
54 | . 49849 z 00607 te 57503| 32 | | 73905] 317 | - 15354] 19 | - 86690) 15 f 
49874 2. 00505 57641 73788 {15373 0. 86675 
35 |? tesgo| 25 | ooaoa| 102 |. 57580) 32 |: 73671] 147 |: 15303] 75 | . 86061 aie: 
57 | 49924] 251 | 00303; 19! |: 57619) $3 | 73555] yy7 | - 15412) 19 | - 86686) 14 3 
58 |. 49950| 26] ‘ooz02| 10! | . 57657] 35 | 73438, 447 | - 15431) 99 | - 86632) 15 2 
59 | . 49975] 22 | . 00101 Th. 57696 39 | 73321] 116 | - 15451] 19 | - 86617) 14 1 
60 |0. 50000| 2° |2. 00000 57735 73205 1. 15470 0. 86603 sf 
+t : . * ] Diff . Diff. 
119° © pie. sec a cot pe tan pu ese | | sin | 460° 
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30°° 


v sin 5 : : i sec 


0 |o. 50000 2. 00000 0. 57735 1. 73205 1. 15470 

1 | . 50025 . 1. 99899] 101 | 57774 30 | . 73089 ne 15489 a 
2 | . 50050 53 | . 99799] ioy | . 57813] 33 | | 72073| 16 | | 15509] 20 
3 | . 50076] 55 | 99698]. 159 | . 57851] 38 | | 72857) 16 | | 15508) 18 
4} . 50101] 52 | 99598] 159 |. 57890] 39 | | 72741] 16 | ° 15548] 20 
5 (0. 50126) 55 |1. 99498] 15 |0. 57929] 54 |i. 72625, 11, |1. 15567) 55 
6 | . 50151] 55 |. 99308, 159 | -57968| 39 | 72500, 116 | 15587] 20 
7 |. 50176| 52 |. 99208] 15) | -58007| 39 | -72203| 118 | ° 15600 19 
8 | . 50201] 96 | - 99198 iog | - 58046) 39 | 722781 112 | | 15626) 20 


. 50227 25 |_- 99098 100 . 58085 39 |_- 72163 116 . 15645 20 


10 }0. 50252 95, |1. 98998 gg 9. 58124 gg |}. 72047 115 |}. 15665 19 
11 | . 50277 95 | - 98899 100 . 58162 39 |: 71932 115 . 15684 20 
12 | . 50302 95 | - 98799 99 . 58201 39 | - 71817 115 . 15704 20 
13 | . 50327 25 | - 98700 99 . 58240 39 | - 71702 114 . 15724 19 
14 | . 50352 95 |_- 98601 99 . 58279 3 . 71588 ll . 15743 20 


Oe oy i 
15 ]0. 50377 96 |}. 98502 gg |9- 58318 39 |1- 71473 115 |): 15763 19 
16 | . 50403 95, | - 98403 99 . 58357 39 | - 71358 114 . 15782 20 
17 | . 50428 . 98304 99 . 58396 39 | - 71244 115 . 15802 20 
18 | . 50453 95 | - 98205 98 . 58435 > (1129 114 . 15822 19 
19 | . 50478 25 |: 98107 99 . 58474 39 |: 71015 . 15841 20 


eee | ees ce 4 ee See 

20 |0. 50503 1. 98008 0. 585128 1. 70901 1. 15861 

21 | . 50528 a 97910] 88 | | 58552 oo | 0787 yay | abseil | 
22 | 50553) 95 | .97811/ 93 | . 58591) #5 | 70673, 114 | | 15901 
23 | . 50578 95 | 97713] 9g | . 58631] $9 | 70560] 113 | ‘15920, 39 
24 | . 50603) 5° | 97615] 98 | | 58670| 39 | | 70446 | 15940) 3° 


Bete REE oh 4 Rid baie, 
25 10. 50628 1. 97517 0. 58709 i. 70332 1. 15960 
26 | . 50654] 28 | | 97420 3, | . 58748 39 | . 70219 113) | aasosoiiee 
27 | . 50679) 95 | .97322/ 98 | 58787] 39 | ‘70106 113 | ° 16000] 29 
28 | 50704 95 | 97224, 9 | - 58826] 39 | / 69992] 114 | yeo19, 19 
29 | 50729] 95 | 97127, 9% | - 58865] 25 | 698791 113 | ° 16039] 20 


30 10. 50754| 5. |1. 97029 0. 58905! a. |1. 69766 1. 16059 

31 | . 50779] 5? |. 96932 oa |. 58044] 39 | 69653 Hie. | . 16079 a 
82 | . 50804) 55 | 96835, g | 58983] 39 | 69541) 112 | * 16099) 20 
88 | . 50829) 55 | 96738) G7 | - 59022] 39 |‘ eosas| 113 | * 6119) 20 
34 | . 50854] 3? | | 96641 . 59061] 49 | - 69316] {12 | | 16139] 2° 
85 0. 50879) 95 [1.96544] gf. 59101) 34 |i. 69203) 115 |i. 16159 5) 
36 | . 50904) 55 | 96448, G7 | 59140] 39 | 69001] 112 | 36179] 20 
37 | . 50929 55 | 96351) 94 | . 59179 33 | 68979] 12 | * 16199 

88 | . 50954) 95 | 96255, 7 | 59218] 79 | -easee| 113 | ‘6219/20 
39 | . 50979] 5 | 96158] 94 | . 59258] 4° | | 68754 16239) 2 


40 0. 51004) 55 11. 96062) 4 0. 59297) 34 |i. 68643 1. 16259| 5, 
41 | . 51029] 55 | 95966, 88 | . 59336) 3° |” 6g5a1 io) lanee2zoleee 
42 | . 51054] 52 | 95870| 98 | | 59376 68419| | . 16299] 3° 
43 | 51079) 55 | .95774| 98 | 50415] 39 |’ 68308 eo : 16319 
44 | . 51104) 95 | . 95678) G2 | 59454] 39 | 6sio6) 112 | * 16330 

45 0. 51129] 95 |1. 95583) 44 0. 59494) a4 |1. 68085 1. 16359| 5 
46 | . 51154) 95 | 95487, 62 | .59533| 29 | 67974) 111 1° y63go| 21 
47 |. 51179) 55 | 95392; 9? | | 59573] 49 | ° 67863 . 16400] 50 
48 | 51204) 95 | 95296, > | .59612| 35 | 67752] 111 | | 16490] 20 
49 |. 51229) 55 | 95201} 9? | . 59651) 5 | 67641; 14! | ° 16440) 20 


50 10. 51254) 95 [1.95106] 4? |0. 59691] a4 |i. 67530 1. 16460 
51 | . 51279) 95 |. 95011) 92 | 59730] 2 | 67419] 111 1° 164g . 
52 | . 51304) 95 | .94016/ 9? | -59770| 39 | 67309] 110 | * y6501 oo 
58 | . 51329) 55 | .94821/ 9 | | 50809| 39 | * 67198 16521} 20 
54 | . 51354) 93 | 94726, 9? | 59849) 30 | | 670ss| 110 | ° 6541] 20 
55 10. 51879) 95 |1. 94632/ 9. lo. 59888) 1 |i. 66978 1. 16562 

56 | . 51404) o¢ | .94587| g7 | . 59928 39 | . 66867, 111 | ° 1659] 20 
57 | 51429) 5°] 94443) oy | . 59967| 39 | 66757| 119 |: 16602] 20 
58 | 51454) 95 | .94349/ 9 | .60007| 30 | 66647) 110 | ° 16¢93) 21 


59 | 51479 94254 - 60046 . 66538 199 | * 16643] 20 
60 |o. 51504] *° [1 94160] Jo. 6oos6| 4° |r’ g6z28) 119 11° yeg6a] 20 
t ; oa 3 

12023 0s oat be an mor ci tan pin ese, OE. 
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TABLE 31 


Natural Trigonometric Functions 


pom, 
° 
v 


<e 


(=) 


. 51504 5 0. 60086 . 66428 4 . 85717 
. 51529 : . 60126 . 66318 : . 85702 
. 61554 : . 60165 . 66209 4 . 85687 
. 51579 ; . 60205 . 66099 : . 85672 
. 51604 5 - 60245 . 65990 : . 85657 


. 51628 : . 60284 . 65881 d . 85642 
. 51653 : . 60324 . 65772 . 16786 . 85627 
. 51678 . . 60364 . 65663 . 16806 . 85612 
. 51703 : . 60403 . 65554 *, 16827 . 85597 
9 | . 51728 : : - 65445 . 16848 . 85582 
10 j0. 51753 ; j . 65337 1. 16868 . 85567 
. 51778 : : . 65228 . 16889 . 85551 
. 51803 ; : . 65120 . 16909 . 85536 
. 51828 ; : . 65011 . 16930 . 85521 
. 51852 : ; . 64903 . 16950 . 85506 


. 51877 A 2 f 1. 64795 . 16971 . 85491 
. 51902 : : . 64687 . 16992 . 85476 
. 91927 : : . 64579 . 17012 . 85461 
. 51952 : : 5 . 64471 . 17033 . 85446 
. 51977 ; : ; . 64363 . 17054 . 85431 


. 52002 ; i . 64256 . 17075 . 85416 
. 52026 ‘ ; . 64148 . 17095 . 85401 
. 52051 : . 608 . 64041 1 LALuG . 85385 
. 52076 . ; . 63934 . 17137 . 85370 
. 52101 : . 6 . 63826 . 17158 . 85355 


. 52126] - ; : i 1. 63719 . 17178 . 85340 
. $2151 : : . 63612 pe!) . 85325 
. 52175 : : . 63505 . 17220 . 85310 
. 52200 : ; . 63398 . 17241 . 85294 
. 52225 5 ; . 63292 . 17262 . 85279 


. 52250 3 5 . 63185 : . 17283 . 85264 
. $2275 ; ; ‘ . 63079 . 17304 . 85249 
. 52299 : ; . 62972 . 17325 . 85234 
. 62324 ; { . 62866 . 17346 . 85218 
. 52349 : d . 62760 . 17367 . 85203 


. 52374 : A . 614 1. 62654 . 17388 . 85188 
. 52399 : : . 62548 . 17409 . 85173 
. 52423 : 4 . 62442 . 17430 . 85157 
. 52448 : 4 . 62336 . 17451 . 85142 
. 52473 , 0 : . 62230 . 17472 . 85127 


0. 52498 : : 1. 62125 . 17493 . 85112 
. 52522 ; : . 62019 . 17514 . 85096 
. 52547 5 i . 61914 . 17535 . 85081 
. 62572 5 ( 4 . 61809 . 17556 . 85066 
. 52597 : 9 ; . 61703 _ 17577 . 85051 


. 52621 z : 4 . 61598 : . 17598 . 85035 
. 52646 > . 61 . 61493 . 17620 . 85020 
. 52671 ; : . 61S . 61388 . 17641 . 85005 
. 52696 : ; ; . 61283 . 17662 . 84989 
. 52720 , Sep: . 61179 . 17683 . 84974 


. 52745 ; l 1. 61074 ; . 17704 . 84959 
. 52770 ‘ : . 60970 . 17726 . 84943 
. 52794 : ; . 60865 _ 17747 . 84928 
. 52819 : 4 as . 60761 . 17768 . 84913 
. 52844 : 9 : . 60657 . 17790 . 84897 


. 52869 ; ; 1. 60553 5 Saleen . 84882 
. 52893 : . . 60449 . 17832 . 84866 
. 52918 : ; . 60345 . 17854 . 84851 
. 52943 ; . . 60241 . 17875 . 84836 
. 52967 . ; . 60137 . 17896 . 84820 
0. 52992 : 0. 62487 1. 60033 LOLs . 84805 


CONDE RWNWHO ~ 
o 


tan : esc | sin 
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Natural Trigonometric Functions 


TABLE 31 


SS 


32° : ; ; 4 ; ¢ ° 
V sin Ate csc i tan pA cot oe ec ae cos | 
1 

0 |o. 52992 1. 88708 0. 62487 1. 60033 1, 17918 0. 84805 60 
1 | 53017] 2° | | 88620 88 |. 62527 40 | . 59930 He 17939| 21 | | 8479] 16 | 50 
2 | . 53041) 55 | 88532, 37 | . 62568) 74 | - 59826, 104 | ° 17061 ae 34774| 15 | 58 
3 | . 58066] 55 | . 88445] 35 | . 62608] 4) | 59723] 103 |: 17982] 23 | ° s4759| 15 | 57 
4} . 58091] 54 | . 88357| 7 | . 62649] 44 | . 59620] 193 | - 18004] 37 | | 84743] 18 | 56 
5 10. 58115) 55 |1. 88270, g7 0. 62689] 4, |1.59517| 199 |1. 18025| 5, |0. 84728 BS 
6 | . 53140) 57 | . 88183] 38 | . 62730] 44, | . 59414] | 103 18047) 57 | . 84712| 18 | 54 
7 | . 53164) 5° | . 88095 37 | . 62770] 49 | 59311) 103 18068) 55 | . 84697| 15 | 53 
8 | . 53189) 55 |. 88008, 84 | . 62811] 47 |. 59208, 103 18090] $7 | . 84681] 16 | 52 
9 | . 53214) 57 | . 87921) 37 | . 62852) 45 | 59105] 703 | : 18111] 22 | ° 84666 a 51 
10 }0. 53238) 55 |1. 87834 5 0. 62892] 4, |1. 59002| 45, |I. 18133 0. 84650 50 
11 | . 58263) 95 | 87748, gy | . 62933/ 44 |. 58900] 102 | 18155| 22 |. 84635] 15 | 49 
12 | . 53288) 57 | . 87661) 37 | . 62973) 4y | .58797| }03 | | 18176 21 | * g4619| 16 | 4g 
13 | . 53312| 55 | . 87574] 34 | . 68014) 4) | . 58695] 102 |’ 18198] 22 | ° s46o4| 15 | 47 
4 | . 53337| 57 | 87488) 87 | . 63055] 49 | 58593) 192 | ° 18920 mr 84588 se 46 
15 10. 53361) 55 [1 87401/ 34 0. 63095] 4, |1. 58490] 1,5 |1. 18241 0. 84573 45 
16 | . 53386) 95 | 87315] 33 | . 63136] 7) | . 58388) j02 | 18263] 22 | 84557] 16 | 44 
V7 | . 53411) 94 | . 87229] g> | . 63177| 44 | . 58286, j02 | 18285) 22 | | 84542] 15 | 43 
18 | . 53435] 95 | 87142) 2 | - 63217| 40 | . 58184 10? 18307| 22 | | 94526| 16 | 49 
x woiins 94 | 87056] gg | . 63258) 47 | . 58083] 155 | - 18328| 35 | | 84511] 15 | 41 
1. 86970 0. 63299 1. 57981 1. 18350 0. 84495 4 

21 | . 53509 - " 86885 - : 63340 oF "57879 He ‘ 18372| 22 || g44go| 15 By 
22 | . 58534) 91 | . 86799] Be | . 63380] 4) | .57778| 101 | | igzoq} 22 | | ga46a| 16 | 38 
23 | . 53558 95 | 86713, ge | . 63421] 4) | 57676, 10? |‘ 18416| 22 | | g444s| 16 | 37 
24 | . 53583) 94 | . 86627| ge |. 63462| 4; | 57575) 191 | . 18437| 2) | * s4gaa] 15 | 36 
"25 10. 53607] 5; |1. 86542) 5° 0. 63503 41 |F 57474] joo |T. 18459 0.84417] 1° |-35 
26 | . 53632) 97 |. 36457, 83 |. 68544) 44, | | 57372) 102 18481| 22 | | g44og| 15 | 34 
27 | . 53656 55 | 86371] $2 | - 63584] 49 | 57271] 101 18503| 22 | | g43g6| 16 | 33 
28 | . 53681/ 57 | . 86286, 8? | - 63625| 41 | | 57170| 101 18525| 22 | | 94370] 16 | 35 
29 | . 53705] 55 | 86201, 3 | . 63666] 4) | 57069] 197 | | 18547) 22 | ° g4355| 15 | 31 
| 30 |0. 53730] 51 H. 86116| gy 0. 63707 41 {1 56969! 451 18569 84339 1° 1-30 
St | - 58754) 95 | 86031] g5 | . 63748) 41 | . 56868] 151 |. 18591] 22 | - 84324| 15 | 59 
32 | - 58779 95 | 85946, gs | . 63789] 47 | - 56767] 1h | . 18613] 22 | - 84308| 16 | 28 
33 | . 53804) 51 | . 85861) 7 |. 63830] 41 | - 56667; 109 | ° 18635 84292| 16 | 97 
- 53828) 95 | 85777) 35 | - 68871] 41 | 56566] 194 |. 18657| 22 | | 84277| 15 | 96 

35 0. 53853 53853 o4 |! 85602] 4 10. 63912) 4, |1. 56466] 349 1. 18679] 5. |0. 84261 25 
36 | - 538771 95 | - 85608, 35 | . 68953) 4; | . 56366) 109 |. 170i] 22 | 84o45] 16 | 34 
37 | - 83902) 94 | - 85523] gy | . 63004 41 | 56265] 19) | | 18723] 22 | | s4aaq) 15 | 93 
38 | - 53926) 55 | 85439] gg |. 64035] 41 | 56165] 100 | ° 19745) 22 | ° sania] 16 | 99 
a4 | - 85355, gy |. 64076) 41 |. 56065] 19) | - 18767| 33 | | s4i9s| 16 | 91 

40 10. 53975 95 |i 85271) 4 [0 64117) 4, |1. 55966] 149 |i. 18790] 5. Jo. 84182 20 
fy |: 24000) 94 | - 85187) gg |. 64158) 47 | 55866, 100 |” issial| 22 1 gat67| 15 | a9 
aa | 7 24024) 25 | 85103, 4 | . 64199] 47 |. 55766, 190 | | 18834| 22 |: g4i5i| 16 | 18 
asi at Si) |S) oh ee ase fa | 
44]. 24 | 84935] 5 | . 64281] 4) | . 5556 8 84120 16 
45 0. 54097 95 | 84852, 94 lo. 64322] 4 |1. 55467 a 1. 18901 0. 84104| 1° Iq 
a7 | 5a1s6| 24 |< Siges| 83 | $4263) 41 | - 25808) gg | - 18923) 35 |. s4ossl Tf | 14 
47 | . 54146) OF |. a ald de Bh, 5] 55 | . 84072 13 
#0] suis 34) ‘Sisis) SF [taser 41] S30r) 99 | tsi) 38 |: AT 18 | 2 
so} S405) 95 | 84518 93 |. 64487 47 | 99 |. 18990] 55 |. 84041] 18 | 11 
BO [0 24220) 94 | 84435] 5 10. 64528) 4, |154972| 55 |1. 19012| 5 |o. 84025 10 
51 | . 54244) 95 | $4352) 8 - 64509) 4) - 54873 99 | - 19034 53 | . 84009 re ihre 
52 | . 54269) 97 |. ao bie ie 99 | - 19057 83994 8 
4 | | 54317] 241‘ satos| 83 |“ Gteoal 41 :Baprel 82 |“ agipe 23 | 83978) 1g | 7 
55 (0. 54342| 2° 1. 84020 83 \o-64734| 4! Ip 98 [ioral 22 |cesees 16 | 
55 10. 54342) 04 IL go 0. 64734 4, [1 54478) Go |. 19124 0. 83946 5 
sr [ oiaoy 2) | sag [guar 22 | elaey) oe | St ag | amo) 18 | 
33 |< Passa] 24 | 88859] go | 94817) 47 | og | - 19169) 55 | 83915] 12 | 3 
88 | . 54415] 35 |. ao Hie 41 | 54183, 98 | ° 19191 83899 2 
a Jo: 24469) 24 |, $8690) 2 |, 648091 4 | | 54085 9g |. 19214] 23 | | g3ge3 4 ht 
6494 1 1. 53986 1. 19236 0. 83867 0 

122°5 se Die. ai Dif coe MDE | AEE Diff cae 7 DIRE, og ee Digs t 
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~ 


So 


petal eared 
gl timgimyshecesseS 


. 83526 
. 83444 
. 83362 
. 83280 


il 
. 83116 
. 83034 
. 82953 
. 82871 


83198 


ee 


. 54732 
. 54756 
. 54781 
. 54805 


15 |0. 54829 
. 64854 
. 54878 
. 54902 
. 54927 


. 82790 
. 82709 
. 82627 
. 82546 
. 82465 


18 
. 82303 
. 82222 
. 82142 
. 82061 


82384 


. 54951 
. 54975 
. 54999 
. 55024 
. 55048 


25 |0. 55072 
. 55097 
. 65121 
. 65145 
. 55169 


. 81981 
. 81900 
. 81820 
. 81740 
. 81659 


i 
. 81499 
. 81419 
. 81340 
. 81260 


81579 


. 55194 
. 55218 
. 55242 
. 55266 
. 55291 


. 81180 
. 81101 
. 81021 
. 80942 
. 80862 


. 55315 
. 55339 
. 55363 
. 55388 
. 55412 


. 80783 
. 80704 
. 80625 
. 80546 
. 80467 


. 55436 
. 55460 
. 55484 
. 55509 
. 55533 


. 80388 
. 80309 
. 80231 
. 80152 


. 55557 
. 55581 
. 55605 
. 55630 
. 55654 


. 55678 
. 55702 
. 55726 
. 55750 
. 55775 


. 55799 
. 55823 
. 55847 
. 55871 
59 | . 55895 
60 |0. 55919 


. 52429 
. 52332 
. 62235 
. 62139 


. 62043 
. 51946 
. 51850 
. 51754 
. 51658 


. 51562 
. 51466 
. 51370 
. 51275 
. 51179 


. 51084 
. 50988 
. 50893 
. 50797 
. 50702 


. 50607 
. 50512 
. 50417 
. 50322 
. 50228 


. 50133 
. 50038 
. 49944 
. 49849 
. 49755 


. 49661 
. 49566 
. 49472 
. 49378 
. 49284 


. 49190 
. 49097 
. 49003 
. 48909 
. 48816 


. 48722 
. 48629 
. 48536 
. 48442 
. 48349 
. 48256 


t 
123°> cos 


tan 
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TABLE 31 
Natural Trigonometric Functions 
340 5 , : -145° 
V sin ie csc it tan ae cot per sec me COS Diff. ¥ 
it? 
0 |o. 55919 1. 78829 0. 67451 1. 48256 1, 20622 0. 82904 60 
1] . 55043] 55 |. 78752] 77 | 67493] 42 |: 48163, 98 | ° 20645] 23 |. saga7| 17 | 59 
2 | 55968) 94 | 78675, 47 | 67536] 43 |. 48070; 83 | . 20669) 24 | : 82871) 16 | 58 
3 | . 55992) 54 |. 78598] 47 | 67578] 42 | 47977] 83 | ° a0693| 24 | | 82855) 16 | 57 
4 | 56016] 94 | 78521] 77 | - 67620) 43 | | 478g5| 92 | | 20717] 24 | | 82839) 18 | 56 
5 10. 56040) 54 |I. 78445, 7 |0. 67663) 45 |1. 47792] 43 |i. 20740] 5 |0. 82822) 5, | 55 
6 | . 56064 54 | . 78368] £4 |. 67705) 43 |. 47699] 83 |: 20764] 34 |. 82806) 18 | 54 
7 | . 56088) 54 | . 78291) 47 | 67748] 43 | | 47607] 82 | | 20788) 24 | | 82790) 18 | 53 
8 | 56112] 5, | . 78215, £9 | 67790) 43 | 47514] 93 | 20812] 24 | | 827731 17 | 52 
9 | . 56136) 54 | 78138] 4% | 67832) 42 | 47420] 82 | * 20836] 24 | | 82757] 18 | 51 
10 |0. 56160) 54 |1. 78062, -. |0. 67875] 45 |1. 47330| 95 |1. 20859| 5, |0. s2741] ,- | 50 
11 | . 56184) 5, |. 77986, fe | . 67917] 42 |. 47238| 8° | 20883] 24 | ° s2724) 17 | 49 
12 | . 56208) 5, |. 77910, £9 | . 67960] 43. | | 47146) 92 |: 20007) 24 | ‘ 82708) 18 | 48 
13 | . 56232) 54 | . 77833] 4% | . 68002| 42 | 47053; 83 | | 20031) 24 | | 82692] 18 | 47 
M4 } 56256) 54 | 77757) £8 | . 68045) 43 | | 46962] 9! | | 20955) 24 |‘ 82675] 17 | 46 
15 10. 56280| 55 |1.77681/ 75 |0. 68088) 45 |1. 46870] 45 |1. 20979] 5, |0. 82650| 5, | 4 
16 | . 56805) 51 | . 77606, £2 | . 68130| 43 |. 46778] 9° |. 21003| 24 |. 82643) 18 | 44 
V7 | . 56829) 54 | . 77530, fg | 68173) 43 |. 46686] 8? | | 21027] 24 | ° 82626] 17 | 43 
18 | . 56353| 91] 77454] 7g |. 68215] 43]. 46505, 95 | : 21051] 34 | - s2610| 18 | 42 
19 | . 56377] 94 | 77378] 72 |. 68258| 43 | | 46503] 93 | : 21075] 34 | | 82593] 17 | 41 
20 |0. 56401] 2, |1. 77303] 76 |0. 68301] 45 |I. 46411] 9, 1. 21099| 5, |0. 82577) 5, | 40 
21 | . 56425] 9, | .77227| £2 |. 68343] 43 |. 46320] 8t |: 21123 24 |. s2561] 18 | 39 
22 | . 56449 9, | 77152] £2 | 68386) 43 | | 46220) 9) | | 21147] 24 |’ 82544) 17 | 38 
23 | . 56473) 9, | 77077] 7g |. 68429] 73 |. 46137] 8? |< a1171] 24 | © 82528] 18 | 37 
24 | . 56497 94 | 77001) 5 |. 68471] 33 | 46046] 91 |: 21195] 24 | © 82511] 17 | 36 
25 |0. 56521) 5, |. 76926] +2 |0 68514) 45 |. 45055, 4, | 1. 21220 0. 82495] ,- | 35 
26 | . 56545) 5, |. 76851| 4? |. 68557| 43 |: 45864) 8! |. 21z44| 24 |: so47g) 17 | 34 
27 | . 56569) 5, | .76776| 22 | . 68600) 45 | . 45773, 9! | 21268) 24 |’ s2469| 16 | 33 
28 | . 56593) 54 | 76701) 72 |. 68642/ 472 | 45682) 84 | | 21999] 24 |“ soa) 16 | 39 
29 | . 56617) 54 |. 76626] £7 | - 68685] 43 | | 45592] 99 | | 21316 e ~82429| 12 | Bt 
30 0. 56641) 5, [1.76552] 7, 10. 68728] 43 |1.45501| 4, |i 21341| 5, |0. 82413) _- | 30 
31 | . 56665) 54 |. 76477/ 22 |. 68771| 43 |. 45410, 91 | | 21365] 24 |: 82306 17 | 29 
32 | . 56689) 94 | 76402} 24 | . 688i4) 73 |. 45320| 8 | | 21389] 24 | | sa3so| 16 | 28 
33 | . 56713] 55 | . 76328, 7F |. 68857| 72 | \ 45229) 8 | ° or4r4 a $2363 A 27 
34 | . 56736) 94 | 76253] 77 |. 68900) {5 | 45139] 90 |: 21438] 24 | * soaa7] 18 | 26 
35 |0. 56760) 9, |1. 76179] 74 Jo. 68942) 45 [1.45049 9, IL 21462 0. 82330 25 
36 | . 56784) 94 | 76105, 74 | . 68985] 73]. 44958) 84 |. 21487] 25 |. 9374] 18 | 24 
37 | . 56808) 94 | . 76031} + |. 69028] 43 | 44868) 29 |’ 21511) 24 | ° ga207| 17 | 93 
88 | . 56832) 94 | 75956] 74 | . 69071] 43 |. 44778| 8 | : 21535] 34 | | 2981] 18 | 29 
39 | 56856) 54 | 75882, 74 |. 69114 43 | 44688] 9) | | 21560] 25 | | 82264) 27 | 91 
40 |0. 56880] 5, 1. 75808] 7, |. Gor57| 45 |1.44598) 5, |i. 21584 0. 82248 20 
41 | . 56904) 54 | . 75734 73 | . 69200] 43 | . 44508) 2° | | 21609] 26 |. g2931] 17 | 19 
42 | . 56928) 9, | . 75661] 74 |. 69243) 75 | 4441s] 2° | ° 21633] 24 | ° gaara] 17 | 18 
43 | . 56952) 94 | .75587| 74 | . 69286) 43 | .44320[ 89 | d1658) 25 | ° gojgg| 16 | 17 
44 | . 56976) 94 | 75513). 73 |. 69320] 4 | 44230) 9) |: 21682] 24 | * soisi| 17 | 16 
45 0. 57000 1.75440, <{° 10. 69379 1, 44149 1. 21707 21 TE 
46 | .57024| 55 |. 75366] 73 | 60416] 44 |< a4o60| 89 | 2 a1731| 24 | gorgal 17} ag 
47 | . 57047] 54 | . 75293; 74 |. 69459] 73 | 43970 29 | | 21756] 25 | ° soiga| 16 | 13 
48 | . 57071) 94 | . 75219] 73 | . 69502| 73 | . 43881; 89 |’ 51781) 25 | ° saris] 1% | 19 
49 | 57095) 94 |. 75146) 73 | . 69545) 43 | 43792] 89 |. 21805] 24 | ° s098) 12 | 11 
50 |0. 57119] 24 |1. 75073] 73 |o. 69588) 43 |i. 43703) 3, {1.21830 0. 82082] ,. | 10 
51 | . 571431 94 |. 75000] 73 |. 69631] 43 |: 43614 21855] 2° | | g2065| 22 | 9 
52 | . 57167) 94 | .74927| 73 | . 69675] 73 | . 43525, 89 |’ 21879] 24] ° sooas] 17 | 8 
53 |. 57191) 94 | 74854) 73 | . 69718] 43 | - 43436, 85 | : 21904] 25 | © s20ga| 18 | 7 
ee wee 23 sae 73 pores 43 | -43347| go |_. 21929) 57 | . 82015] 14 |_ 6 
wy, “AIL: 69804 1. 43258 1.21953 8k 
56 | . 57262] 51 | - 74635, 73 | 69847] 43] 4360) 89 |: 197s| 25 | Siogal IZ | 4 
57 | . 57286) 94 | 74562; 75 | . 69801) 43 | - 43080] 82 | ° 220031 25 | ° sigs] 17 | 3 
58 | . 57310) 54 | 74490, 73 | . 69934 43 | / 42099] 88 | ° 22008] 25 | © groagi 181 5 
59 | . 57334) 54 | . 74417] 75 | . 69977| 43 |. 42003; 82 | | 220531 25 |“ stogal 17 | 7 
60 10. 57358 1. 74345 0. 70021 1.42815, 88 1° 29077] 24 Io si9is| 17 | 0 
t Diff Diff Di 
ff. iff, t 
124° cos |4, sec 1 cot VV tan mrt ese is. sin Dies 5e 
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TABLE 31 
Natural Trigonometric Functions 
3587 «144° 
; Diff Diff. Diff. Diff. Diff. 
L sin 1 esc 1 tan 1 cot 1/ sec 1 cos Ipig 4 


0. 57358) 94 |1. 74345) 73 0. 70021) 4g |1. 42815] gg |1. 22077] 9, Jo. 81915 
- 57381) 94 |. 74272) 75 | . 70064) 43 | . 42726, 82 |. 22102] 29 | gigog| 16 | 59 
57405] 54 | 74200, 75 | . 70107| 47 |. 42638) 88 | | 22197] 25 | | sige 17 | 58 
57420) 94] 74128, 79 |. 70151] 43 |. 42550, 88 | | 22152] 25 | | sises ne 57 
. 57453) 94 | 74056] 73 | . 70194) 44 | . 42462/ 88 | | 20177) 25 | | gi84s 17 | 56 
 57477| 94 [1.73983] 79 |0. 70238) 43 |1. 42374; ge |i. 22202) 5. |0. 81832 
- 57501) 93 | . 73911) 7 | . 70281] 47 |. 42286, 88 | | 29997] 25 | ° 81815 o 
57524) 54 | 73840 79 | . 70325) 43 |. 42198] 88 | | 29252] 23 | | gizoal 17 | 53 
. 57548) 54 | 73768, 79 | . 70368) 47 |. 42110, 88 | | 22277] 25 | | sizge ie 52 
_ 57572| 94 | . 73696) 75 | . 70412] 43 | . 42022 22302 "81765 51 


10 }0. 57596 23 |1- 73624 7Q (9: 70455 44 |1- 41934 g7_ [1.22327 25 0. 81748 17 | 29 


CONDO PwWNr OO 
(=) 


11 | . 57619 24 | - 73552 71 . 70499 43 |- 41847 gg |: 22302 95 | - 81731 17 | 49 
12 | . 57643 94 | - (3481 72 . 70542 44 |- 41759 87 . 22377 95 | - 8l714 16 | 48 
13 | . 57667 24|- 73409 71 . 70586 . 41672 . 22402) 5. | . 81698 47 


14 | . 57691] $7 |. 73338; 71 | - 70629 43 |" 41584) 88 | * 22498] 26 | * 81681] 17 | 46 
15 10. 57715] 93 |1. 73267| 79 [0. 70673) 44 |1. 41497] gq |i. 22458] 5 |0. si6ed) |. | 45 
16 | . 57788) 54 | 73195, 7) |. 70717] 73]. 41400| 88 |: 20478] 25 | giea7| 12 | a4 
17 | . 57762| 94 | .73124| 2) |. 70760) 44 | . 41322] 87 |: 22503] 22 | ° si63i| 16 | 43 
18 | . 57786) 54 | . 73053; 7) | . 70804) 44 | . 41235] 87 | ° aa528) 25 | i614) 17 

19 | 57810] 23 | | 72982 70848) 43 | 41148, 8” | | 29554 81597 4] 


20 |0. 57833 94 |}. 72911 71 ‘(0 70891 44 |1. 41061 g7_ |i. 22579 Q5 |0. 81580 17 | 40 
21 | . 57857 24 | - 72840 71 . 70935) 44 | . 40974 87 . 22604 25 | - 81563 17 | 39 
22 | . 57881 23 | - 72769 71 . 70979 44 | - 40887 87 . 22629 96 | - 81546 16 | 38 
23 | . 57904 24 | - 72698 70 . 71023 43 | - 40800 86 . 22655) 9. | . 81530 17 37 
24 | . 57928) 5, | . 72628 val . 71066 44 . 40714 87 . 22680 26 |. 81518 17 |.36 
25 10. 57952 24 |!- 72557 7q 0. 71110 44 {1 40627 1, 22706 0. 81496 35 


26 | . 57976] 53 | .72487| 4) |. 71154) 44 |. 40540 a 92731 a 81479 e 34 
27 | . 57999] 54 |. 72416 7) |. 71198) 47 |. 40454, 8° | | 29756] 23 | | si4ea| 17 | 33 
28 | . 58023 72346, 7) |. 71242] 43 |. 40367] 8% | | 20782) 26 | | i445] 17 | 32 
29 | .58047| 33 | 72275] 71 | | 71286 . 40281) 88 | | 22807 "81428 31 
30 |0. 58070} 94 |1. 72205] 79 |0. 71329] 4, |1. 40195, gg |i. 22883) 95 |0. 81412| | 
31 | . 58094) 54 | . 72135, 7) |. 71373] 44 |. 40109| 39 |: 22858) 3° | ° 81395| 17 | 29 
32 | . 58118] 53 | 72065) 7) |. 71417| 44 | 40022] 8% | | a2ssa| 28 | | 8i37a| 17 | 28 
33 | . 58141 57 | 71995] 79 |. 71461| 47 | . 39936, 88 | | 22009 25 | | 81361 27 


Wy) 47 
34 | . 58165] 54 | 71925) 7) | 71505] 47 | 30850, 88 | | 22035] 26 | | gi34a| 17 | 26 
35 (0. 58189] 53 |1. 71855] 7 |0. 71549] 4, |1. 39764] gi. 22960) 54 |. 81327| |. | 25 
36 | . 58212) 54 | . 71785] 74 |. 71593] 44 | .39679| 8? |: a2086| 28 | gi3io| 17 | 24 
37 | | 58236 T1715 71637 39593 "93012 81293 23 
38 | | 58260 a 71646 - 71681] 44 |. 39507 oP | . 23037| 23 | | 81276 ul 22 

pak 
39 | . 58283] 57 |. 71576, 79 |. 71725| 44 | .30421| 88 | | 23063) 2° | | 81259) 17 | 21 
40 |0. 58307| 55 1.71506) Gy 0. 71769 14 |! 39336, 56 1. 23089 o. 0. 81242 . 20 
41 | . 58330 7143 7181 3995 9311 "8122! 

24 69 44 0/5 26 17 
Becerra 3h |e gel tad a | al | ee |e 
44 | | 58401 a 71229, 8) | . 71946) 7) |. 38094} 89 | ° 23192] 26 | | g1174) 17 | 16 
45 10. 58425 oA 1. 71160 gg |0- 71990) 44 [1.38909] g. |. 23217) 56 Oyet see 17 - 
0 ee ieee Pa teed Ee 
48 | | 58496) 35 | | 70953 B 72122) 44 | ° 38653 83 | | 23205 oe | . 81106 ue 12 
49 | 58519) 53 | - 70884 eer]. 72187) gy | 38568} 88 |, 23320126 | | siogol dt? | 11 

50 0. 58543| 5, 11. 70815} gq |0. 72211) 4, |1. 38484, Ii. 23347| 5, |0. 81072] ,, | 10 
51 | 58567} 45 |. 70746, 69 | 72955) #4 | .38300| 89 |‘ 2337 28 |. si0ss| 17 | 9 
52 | .58590| 53 |  70677| . 62 | : 72200) 42 | °38314| 85 | | 23398] 23 | | 81038) 17 | 8 
53 | 58614] 23 | - 70609] 88 | ° 72344) 49 | | 38229] 89 23424 S 81021 ae 7 
54 | .58637| 52 |. 70540 62 | . 72388] 47 |. 38145, 8° | | 23450] 3? | | 1004) 17 
55 |0. 58661| 55 |1. 70472| go |0. 72432) 4. |1. 38060, |1. 23476| o¢ |0. 80987| ,- | 5 
56 | . 58684] 57 | 70403) 82 |. 72477| 72 | .37976 8% | | 23502] 3° | . so970| 17 | 4 
57 | . 58708 70335  72b@ie,, | es780ibey Se | 2a5a0lie4 | .g0953| 4 | 8 
58 | .58731| 22 | | 70267, ©8 | ° 72565 oe | ReTedviex o, 19 2350bpee, | .s0080"G~ | 2 
59 | . 58755 a "70198 is 72610) 45 | .37722| 82 | | 235gi| 28 |: soo19l 7 | 1 
60 |0. 58779 1. 70130 0. 72654 1 37638 1, 23607 0. 80902 0 

i 4? i i iff, Dit} 2. |Ditt.-* 
125° ©°s a sec wee cot ee tan Se esc C sin «54° 
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36°> 


L sin 


0. 72654 


TABLE 31 


Natural Trigonometric Functions 


1. 23607 


0. 80902 


70062| 68 | . 72699) 4° | . 37554 oi " 93633 = 80885 4 
69994} 68 | 72743) 441 37470; 84 | | 23659) 36 |: sog67| 18 
69926] 68 | . 72788) 43 | . 37386, 84 | : 23685] 36 | : sosso| 17 
69858, BS | .72832| 44 | .37302| 84 | ° 23711) 26 | | 80833) 17 
1.69790 gy 0. 72877| 4, |1. 37218] 2, |1. 23738] 54 |0. 80816] |, 
69723, 62 |. 72921) fe | 37134 84 |. 23764) 28 | go7o9] 1 
69655, ps | . 72966) 44 | .37050| 84 | 237900] 38 |: sozse| 17 
69587, 68 | | 73010 369671 83 | ° 23816| 3° | | 80765] 17 
69520| pe | . 73055] 42 | .36883| 84 | ° 23843] 27 | | sozaa| 12 
1. 69452 0. 73100 1. 36800], |1. 23869| 54 |0. 80730| ,- 
69385 3 73144) 44 | . 36716 oa | -23898lsa | 8071S Hare 
6031s] fe | . 73189) fe | .36633| 83 | ‘ 23922) 27 | | so6ge| 17 
69250] Ge | . 73234] 44 | .36549| 83 | | 23048) 26 | | so679| 1? 
69183] 2 |. 73278| 4s | 36466, 83 | | 23075| 27 | | s0662| 17 
93 |! 69116] g, |0. 73823] 4, |1.36383| 55 |i. 24001) 5, |0. 80644| | 
16 | . 59154] 5; |. 69049] Gy |. 73868| 42 | 36300 83 | | 24028| 27 |. so627| 17 
17 | . 59178] 53 |. 68082] Gy | . 73413 4 | .36217| 88 | | 24054| 26 | | so6i0| 17 
18 | . 59201) 54 | 68015) Be | .73457/ 75 | .36134| 83 | ° 24081] 2” | ° 80593] 17 
19 | . 59225) 53 | 68848) G4 | 73502) 7? | -36051| 83 | ° 24107] 26 | : s0sz6| 1% 
20 0. 59248] 54 |. 68782| 7 0. 73547| 4. |1. 35968] 95 1. 24134| 5, 0. 80558) 57 
21 | . 59272| 53 | 68715, 94 | . 73592] 42 | 35885] $3 | 24160) 28 |. g0541| 17 
22 | . 59295] 53 | 68648, B4 | - 73637| 4, | 35802) 83 | | 24187) 2% |: sos2q| 17 
23 | . 59318) 54 | 68582; gy | .73681| 45 | 35719] 88 |: 24213/ 28 | | gos07| 12 
24 | . 50342) 53 | 68515, 84 |. 73726| 4° | 35637] 82 | | 24240) 27 | | 0480] 18 
25 |0. 59365] 54 [1.68449] 7 0. 78771] 4, |1. 35554) 3) |i. 24267| 5 |0. 80472| 7 
26 | . 59389) 53 |. 68382| 4 | . 73816) 72 | .35472| 82 |’ 24203] 28 |. so4ss) 17 
27 | . 59412) 94 | 68316] 83 | - 73861/ 7? | -35389| 83 | | 24320) 2” | | so4gs| 12 
28 | . 59436) 93 |. 68250| g7 | . 73906] 7? | .35307/ 82 | | 24347| 27 | | so4zo] 18 
29 | . 59459] 53 | .68183/ 84 | 73951] 42 | 35224, 83 | | 94373] 28 | ° soso] 17 
30 |0. 59482| 54 [1.68117] gg |0. 73996| 4 |i. 35142| 5) |i. 24400] 5 [0. 80386| 5. 
31 | . 59506] 53 | . 68051] 3 | 74041) 4° | 35060, 82 |. 24497| 27 | sozes| 18 
32 | . 59529) 55 | . 67985] 3 | 74086) 42 | 34978) 82 | ° a4454| 27 | * so3sil 17 
38 | . 59552] 57 |. 67919] gg |. 74131] 42 | 34896, 82 | ° a44si| 27 | ° soaaa] 17 
34 | . 59576) 53 | . 67853) 2 |. 74176) 42 | 34814] 82 | | 24508) 37 | * soaie| 18 
35 |0. 59599| 55 |. 67788] gg |0. 74221] 4g |i. 34732| 4, |i. 24584] 5» 10. 80299] 17 
36 | . 59622 57 | 67722, 4 | . 74267| 42 | -34650| 82 |. 24561] 2% | sozse| 12 
37 | . 59646| 53 | 67656] 5 | . 74312) 42 | 34568, 8? | | 24588) 2” | | 80264] 18 
38 | . 59669] 94 | . 67591] gg |. 74357| 42 | 34487| 8) | | 24615] 27 | | go247| 17 
39 | . 59693] 95 | 67525, > | . 74402) 42 | 34405] 82 | | 24642] 37 | ° so230| 1 
40 |0. 59716) 5, [1 67460/ gg |0. 74447] 4° |1.34323| ¢1 |i. 24660| 5 |0. 80212| 1» 
41 | . 59739] 93 | 67304) > |. 74492| 43 | 34242] 8! | * 24606] 37 |. soigs| 17 
42 | . 59763] 53 | 67320 2 | 74538] 49 | 34160] 82 | ° 24723] 27 | ° g0178 2, 
43 | . 59786) 53 | . 67264 3 | .74583| 72 |. 34079) 81 | | 24750 5y | - 80160] 57 
44 | . 59809| 55 | 67198) gs | . 74628] 73 | .33098| 8) | | 24777) 2” | ° so1a3 i 
45 10. 50832) 9, |1. 67133) 5 |0. 74674) 4 [1.33016] 51 |i. 24804) 5. |0. 80125) |» 
46 | . 59856] 53 | 67068} 8 |. za719] 45 | ° 33835  24832| 38 |: g0108| 14 
47 | . 59879] 53 | .67003/ 7 | - 74764| 43 | .33754| 8! | | 24850 5, |. 80091) 12 
48 | . 50902] 51 | . 66038, gs |. 74810] 4° | 33673) 81 |’ o4gee| 27 | ° sooza| 18 
49 | . 59926) 93 | 66873) §y | . 74855] 42 | 33592, 81 |‘ 24913] 27 | ° soo5e| 12 
50 [0. 59949) 55 [1.66809] 5 |0. 74900] 4 |1. 33511] |. 24040] 5 |0. 80038| 5» 
51 | . 59972| 53 | 66744, 69 | 74946] 46 | 33430| 81 | ° 24967 " 30021 
52 | . 59995) 57 | . 66679] BY |. 74991] 4? | ° 33349] 81 | * 24995] 28 | ° goog] 18 
53 | . 60019] 53 | 66615] > |. 75037| 46 | - 33268) 8! | ° 25022] 27 | | 79986) 27 
54 | . 60042] 53 | .66550| 69 | | 75082 33187 A: "25049 au 79968 HS 
55 0. 60065 54 |1. 66486, 45 |0. 75128] = |1.33107/ 1 |i. 25077| 57 |0. 79951] 54 
56 | . 60089) 24 | ° 66421 75173 33026 "25104 79934 
57 | . 60112) 55 | 66357; BF | 75219] 46 | © 32046, 89 | © 95131| 27 | 79916) 18 
58 | . 60135] 55 | . 66292 6° |’ 75264) 45 |“ 39865] 81 | © o5150| 28 | © 79800) 17 
59 |, 60158) 54 |. 66228] Gy |. 75310) 48 |. 32785, 89 | ° 25186) 22 |: zossi| 18 
60 Jo. 60182) 74 [1° 66164 0. 75355 1 32704 1. 25214 0. 79864 
* 
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TABLE 31 


Natural Trigonometric Functions 


0. 60182 
. 60205 
. 60228 
- 60251 
. 60274 


. 66164 
. 66100 
. 66036 
. 65972 
. 65908 


. 60298 
- 60321 
. 60344 
. 60367 
. 60390 


10 }0. 60414 
11 | . 60437 
12 | . 60460 
13 | . 60483 
14 | . 60506 


15 |0. 60529 
6 | . 60553 
. 60576 
- 60599 
. 60622 


20 }0. 60645 
. 60668 
. 60691 
. 60714 
. 60738 


25 10. 60761 
26 | . 60784 
. 60807 
. 60830 
. 60853 


. 65844 
- 65780 
. 65717 
- 65653 
. 65589 


Atl ao oE Se! 
1. 65526 


. 65462 
. 65399 
. 65335 
. 65272 
1. 65209 
. 65146 
. 65083 
. 65020 


. 60876 
. 60899 
. 60922 
. 60945 
. 60968 


. 60991 
. 61015 
. 61038 
. 61061 
. 61084 


. 63957 
. 63895 
. 63834 
. 63772 
. 63710 


. 61107 
. 61130 
. 61153 
. 61176 
~ B1199 


45 |0. 61222 
. 61245 
. 61268 
. 61291 
. 61314 


50 0. 61337 
. 61360 
. 61383 
. 61406 
. 61429 
55 0. 61451 
. 61474 
. 61497 
. 61520 
. 615438 
60 |0. 61566 


. 63648 
. 63587 
. 63525 
. 63464 
. 63402 


3 tr 63341 


. 63279 
. 63218 
. 63157 
. 63096 


1. 63035 
. 62974 
. 62913 
. 62852 
. 62791 

1. 62730 
. 62669 
. 62609 
. 62548 
. 62487 

1. 62427 


. 75355 
. 75401 
. 15447 
. 75492 
. 75538 


. 75584 
. 75629 
. 75675 
. 75721 
. 75767 


. 75812 
. 75858 
. 75904 
. 75950 
. 75996 


. 76042 
. 76088 
. 76134 
. 76180 
. 76226 


. 16272 
. 76318 
. 76364 
. 76410 
. 76456 


. 76502 
. 76548 
. 76594 
. 76640 
. 76686 


. 80637 
. 80558 
. 30480 
. 30401 


. 76733 
. 16779 
. 76825 
. 76871 
. 76918 


. 80323 
. 30244 
. 30166 
. 80087 
. 30009 


. 76964 
. 77010 
. 77057 
. 77103 
. (149 


. 29931 
. 29853 
. 29775 
. 29696 
. 29618 


. 17196 
. 17242 
. 17289 
. 77335 
. 77382 


. 29541 
. 29463 
. 29385 
. 29307 
. 29229 


0. 77428 
. T7475 
. 17521 
. 77568 
. T7615 

0. 77661 
. 77708 
~ 10154 
. 77801 
. 77848 

0. 77895 
. 7941 
. 77988 
. 78035 
. 78082 

0. 78129 


29152 
. 29074 
. 28997 
. 28919 
. 28842 
1. 28764 
. 28687 
. 28610 
. 28533 
. 28456 
1. 28379 
. 28302 
_ 28225 
. 28148 
. 28071 
. 27994 


. 25214 
. 25241 
. 25269 
. 25296 
. 253824 


. 79864 
. 79846 
. 79829 
. 79811 
- 19793 


. 25351 
. 253879 
. 25406 
. 25434 
. 25462 


. 79776 
. 19758 
. T9741 
~ (9728 


. 25489 
. 25517 
. 25545 
. 25572 
. 25600 


. 25628 
. 25656 
. 25683 
. 25711 
. 25739 


. 79600 
. 79583 
. 19565 
. 19547 
. 79530 


. 25767 
. 25795 
. 25823 
. 25851 
. 25879 


. 25907 
. 25935 
. 25963 
. 25991 
. 26019 


1. 26047 
. 26075 
. 26104 
. 26132 
. 26160 

1. 26188 
. 26216 
. 26245 
. 26273 
. 26301 

1. 26330 
. 26358 
. 26387 
. 26415 
. 26443 

1. 26472 
. 26500 
. 26529 
. 26557 
. 26586 


. 79512 
. 79494 
. T9477 
. 79459 
. 79441 


0. 79424 
. 79406 
. 79388 
. 79371 
. 79353 

0. 79335 
. 79318 
. 79300 
. 79282 
. 79264 

0. 79247 
. 19229 
. 79211 
. 79193 
. 79176 

0. 79158 
. 79140 
. 79122 
. 79105 
. 79087 

0. 79069 
. 79051 
. 79033 
. 79016 
. 78998 


. 26615 
. 26643 


. 26672) 5, 


. 26701 
- 26729 
1, 26758 
. 26787 
. 26815 


. 26844) 5, 


. 26873 
1. 26902 


. 78980 
. 78962 
. 78944 
. 78926 
. 78908 


. 78891 
. 78873 
. 78855 
. 78837 
. 78819 
. 78801 


127° cos Di 


sec 


cot 


tan 


sin 
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TABLE 31 
Natural Trigonometric Functions 
38°° sin cis csc a tan Dit Diff Diff «141° 
4 il 1! 1’ cot 1/ sec 1/ COS \nie yy 
, ih? 
0 0. 61566 1, 62427 0. 7812 
1 |. 61589 ge | w62860)°= sor T8175 - “F017 ue *: 36031] 29 |” t8783 28 | 59 
; 62306 78222 27841 “easenheo Te 18 
eI ceieaaiee Laeaseene 00 “le eseeker 1 & 77 | - 26960| $2 | . 78765 58 
. 27764 . 26988 18 
4 | .61658| 22 | 62185/ 6! | 79316 47 76 28 |. 78747 57 
uc 93 |. 62185] Go | . 78316] 44 | . 27688 | 27017 73729| 18 | 56 
5 10. 61681 1. 62125 3 Love 29 | 18 
Sf ge 35 ia) mo. J0 Z| ar BT) ay YO) ay FTL ar V8 
61726 62005] 29 | | 78457 274 a dh” 29 | ° 18 
8 | .61749| 23 | - 61945, 89 |: a7 | -27458| 72 |. 27104) 29 | | 78676 53 
53 |} 60 | «78504 | 27382 | 27133 73658| 18 
9 | . 61772 . 61885 73551| 42 76 29 | - 78658 52 
23 | 69 |_-.78551] ao | . 27306 _ 27162 73640| 18 
10 |0. 61795 55 |i. 61825 0. 78598] j~ {I 18 lreri9il 2? Io 18 | 2 
10 0: 61795) 93 [1- 61825] gq [0.78598] 47 [1.27230] 7, |1. 27191) 3 |0. 78622) 1g | 50 
11 | - $1818) 23 | 61765) gq | - 78645) 47 | 27153) 75 | . 27221 78604 49 
- 78692 . 27077 27250| 29 18 
13 | .61864| 22 | 61646, 9 | | 78739) 47 76 | - 27250| 56 | . 78586 48 
7873 18 
ia | Seineee es | ereaehs G0 SP Heredia | ORI e 76 Bete tee i | Eaane 47 
_14 | . 61887 AGI! 1 
iF peter 22 | Sre8e] Go | 78786) ae Ese 76 |_-.27308| 59 | .78550| 18 | 46 
. 61955] $3 |. 614 ; 47 | 76 | - ; 44 
18 |. 61978) 23 eigda) 89 | teoze] 47 | Sees] 78 |: 24388 29 | 78496) 78 | 43 
19 | . 62001) 33 | 61288, 80 | ° 79029) 47 rye ie ered Base ons 
20 |o. 62024] 55 |1.61220 2» |o.79070| “8 Hr aeari] 7 2TES) 294 eect ge 
30 Jo. 920241 99 [1.61220 5 [0.79070 47 HI. 26471] 7g |. 27483) 54 [0. 78442) 5 [40 
52 | gaeo| 23 | errya 59 | 20117) a7 | - 26895) 7g | . 27513] 95 | . 78424) 76 | 39 
23 | | 62092| 22 | “610511 © | <oarol 48. | -S08d2] 75 | - 27542) 30 | - 78405) 19 | 38 
24 | 62115] $3 | 60092] 59 | | 79959] 47 On raaet a “plot aieo | exeeed as Ml gee 
25 10. 62138 i 1. 60 aon e Salen 279 eee 76 G 29 . 369 36 
25 10. 62138) 95 |1. 60933) 550. 70306) yo 1.26093 75/1. 27630) 39 0. 78351 a 35 
28 | . 62206) 23 | | 60756, 52 |’ 794491 48 - 25943) 76 | . 27689) 39 | . 78315) 73 | 33 
_29 | . 62229] 33 | 6060s} 28 | | 79496) 47 25702, 75 |: gyrase] 29 | -Fao04 is | 32 
30 |0. 62251 7 a : ee 2a} 9 | ee 75 : 30 . 18279 31 
31 | . 62274 a4 eee 59 0: oe 47 |! 25717, 75 11. 27778) 59 |0. 78261 : 30 
32 | . 62297| 53 | 60521] 59 | | 79639) 48 . 25642) a2 | . 27807] $5 | . 78243| 18 | 29 
33 | : 62320| 23 | ¢os63, 8 |“ Fooae) 47 25567, 75 | . 27837) 39 | - 78225] 78 | 28 
_34 | . 62342) 5, | 60404, 2? | | 79734) 48 meee et eine 1s | 27 
35 10. 62365] ; 1. 6034 c poe eee 7 eee 74 ; ‘ 30 . 78188 26 
36 | . 62388 3 eet 59 0: be 48 eae 75 |1- 27926) 3, |0. 78170 ie 25 
37 | | 62411] 23 |“ g0220| 58 | * togz7) 48 . 25268) 75 | - 27956) 39 | - 78152 2 oe 
be | tecaeapes | S20lk oe a7ogedy at sorrel! Sanit 20 | exeite is | 23 
. 62456] 55 |. 60112) 2 “rog79| 48 | 7 a - 78116 22 
oO oP eso0 on 4 SOULTS “se WP. 99T2 . 25044 98045 30 18 
40 10. 62479 1. 60054 A anne ns fy meee LEE yg aces 21 
11 | boson) 23 | $5054 5s 0 $0020) 47 |i. 24060] 74 [I 28075, 54 fo. T8079 19 130 
2 | “ansoa| 22 | -S9n2e] 58 | - 800671 as . 24895, 2. | . 28105] 50 | . 78061| 18 | 19 
43 | | 62547| 23 | “5oa80| 8 | ° soieal 48 . 24820, 74 | . 28134 39 | . 78043] 18 | 18 
44 | . 62570) 59 | 59822) 38 | | soaii| 48 Dapp’ md th ceneabeso | eevee ie lag 
45 |0. 62592] -. 11597641 -° lo goasal 2” I. 75 |. 28194) 39 | . 78007 16 
46 | . 62615 8 “207060. 08 0. Basan 4g |1. 24597; 74/1. 28224) 94 |0. 77988 ys 15 
47 | 62638] 23 | “ogqgl 58. | * 80306) ag | - 24523, 74 |. 28254 .77970| 18 | 14 
22 5g | - 80354 . 24449 984| 30 18 
48 | . 62660) 53 | 59590, 8 R04gor 2S | coasens We - 28284) 39 | . 77952 13 
49 | | 62683] 23 |< bo583| 9% |“ Boss0l 48 | <dacg,] 74 |< 28814) 30 | - 77934) 9g | 12 
50 (0. 62706] «~~ 11.59475| | 48 | 74 |. 28344) 969 | . 77916 11 
Bi [capes 22 Po Shutg 82 [° Soaue ae [ZIPEY) ry (U 2897H go [0 77g07| 49 Fm 
33 | 62774] 23 | “cescot 58 | - 80594) ag | 24079) 74 |. 28434] 3) | . 77861] 18 
54 | . 62796| 32 | | 59245 a7 oe ae aS eek a . 28464 30 | | 77343 . 7 
55 0. 62819) 54 1.59188) 4) |o.s0738| 2° lias 73 |. 28495 _ 77824 6 
Sef GBs 2a SES ay fOammas ae age) Ty fl ansay & locraan 3 | 
. 62864| ¢ 59073 80 48 | °: 7a 55 . T7788 4 
58 | 62887) 22 | Zooje| 57 | * SC884) 4g | 28710) 73 | . 28585 30 | '77769| 12 | 3 
59 | 62909) 22 | ‘sgonol Bz 1° 80882) ag | } 23637 - 28615, 2 | | 77751) 18 
60 fo pasa| 28 fy Bayon) 51 fy $0080 as |, B8s0 Fh | aseasl 8) | a7zsal 18 | a 
ry — aro . 23490 1. 28676] °9 lo. 77715] 18 | 0 
° 1 i s R 
128° os i nee 1’ cot at tan Diff ese eit Ped oe t 
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TABLE 31 
Natural Trigonometric Functions 
o> 4 4 : . : <140(° 
39 sin ane ese ‘a tan Bar cot ee sec te cos Ine y 
a 
0 lo. 62932 1. 58902 0. 80978 1. 23490 1, 28676 0. 77715 60 
1 | . 62955 4 "58845 4 $1027 ae "93416 i 28706 es 17696 te 59 
2 | 62977| $4 | 58788) 27 | 81075) 75 | . 23343) 73 | | 28737| 35 |. 77678| 78 | 58 
Bele es000iae 5 I! Aeial|ur po |: 81123].75 | 23270) 74 |. 28767) 25 |. 77660 hirg. | 57 
4 |. 63022| 22 | 5se74) 3! | 81171) 48 | 23196, 2% | | 28797| 3° | | 77641] 32 | 56 
5 |0. 63045] 5, |1. 58617 = |0.81220| 4. 1. 23123| 7, |i. 28828] 5, |0. 7623] 1, | 55 
6 | . 63068 55 | .58560| 24 | 81268] 78 | 23050] 73 | - a8g5s| 39 |. 77605] 16 | 54 
7 |\.'63000| $5 | 58503} 34 |. 81316) 48 | .22977| 73 | . 28889] 3) | ..77586) 42 | 53 
8 | 63113) 55 | .58447| 2° | 81364] 48 | 22004, 73 | | 28919] 39 | 77568) 18 | 52 
9 | 63135] 22 | 58390| 3% | 81413] 42 | . 22831) 73 |: 28050] 3) | 77550) 75 | 51 
10 |0. 63158) 55 |1. 58333| 5 |0.81461| 4, |1. 22758] 73 |1.28980| 5, |0. 77531) ;, | 50 
Eb | estebligs ||.88277).0¢ 20 | 81510) 70 |-\22686| +945. |. 20071 3) | ..77818binn | 49 
12 | . 63203] $5 | 58221, 2° | 81558] 45 | .22612| 45 | . 20042] 34 | . 77494] 33 | 48 
12 || 63225] 55 | .58164| 22 |. 81606) 46 | . 22539), 48 | | 20072] 37 |. 77476l 45 | 47 
14 | . 63248] 53 | 58108| 2 | | 81655| 43 | .22467| 73 | 29103] 35 | .77458| 19 |_46 
15 |0. 63271| 55 1. 58051/ 5 — 10. 81703] yo |1. 22394, 5 |1. 20133] 5, |0. 77439] 1, | 45 
16 | . 63293] 35 | 57995, 2. | .81752| 49 | .22321| 45 | . 20164] 31 | . 77421] 49 | 44 
17 | . 63316] 35 | 57939) 2° | .81800| 46 | . 22249] 45 | . 29195] 31 | . 77402| 73 | 43 
18 | | 63338| 35 | .57883| 2° | 81849] 45 | . 22176 45 | . 29226] 34 | . 77384] 43 | 42 
19 | - 63361] 33 | 57827, 26 |. 81s98| 42 | .22104| 73 | - 20256] 39 | . 77366] 45 | 41 
20 |0. 63383| 55 |1.57771| 6 |0. 81946) 4 |1. 22031| 5 |. 29287| 5, 0.77347) 1. | 40 
21 |/.63406| 55 | .57715| 22 | 81995) 74 | .21959|- 75 |. 29318] 31 | 77329} 79 | 39 
22 | .63428| 35 | 57659] PP | 82044) 40 | 21886 45 | . 29349] 31 | . 77310! 18 | 38 
23 | .63451| 35 | .57603| 2° | 82092) 45 | 21814 45 | . 29380] 31 | . 77292] 19 | 37 
24 | . 63473) 22 | .57547| 28 |. s2i4i| 42 | .21742| 75 | . 20411) 31 | . 77273) 3 | 36 | 
25 |0. 63496| 55 |1.57491| =. |0. 82190] 4. |I. 21670| 75 |i. 20442) 5, |0. 77255] 19 | 35 
26 | .63518| 25 | 57436, 22 | 82238] 75 | 21598, 45 | . 29473) 31 | . 77236| 1g | 34 
27 | .63540| 22 | 57380] 28 | | 82287| 74 | 21526] 45 | . 29504] 31 | . 77218] 44 | 33 
28 | . 63563| 35 | 57324, 22 | °82336| 40 | 21454) 75 | . 20535) 3) | . 77199) 1g | 32 
29 | | 63585| 22 | | 57269] 25 | 82385] 45 | 21382) 75 | . 29566) 3) | . 77181) 79 | 31 
30 10. 63608| 55 |i. 57213| 55 |0. 82434] 4o |1. 21310, 79 |I. 29597| 5, 0. 7162| jg | 30 
31 | . 63630| 22 | | 57158] 22 | . 82483] 43 | 21238) 75 | . 29628] 5) | . 77144) yo | 29 
32 | 63653] 23 | 57103] 22 | | 82531| 45 | 21166, 45 | . 29659] 5] | . 77125] 1g | 28 
33 | . 63675| 5° | .57047| 22 | .82580| fo | 21094) 77 | . 29690] 5) | . 77107] 45 27 
34 | 63698) 53 | 56992] 22 | 82629] 45 | .21023| 75 | . 20721] 3) | . 77088) 43 | 26 | 
35 10. 63720| 55 |1.56937| 4 |0. 82678] 4o |1. 20951] 75 |I. 29752| 55 |0. 77070 44 | 25 
36 | . 63742| 22 | 5easi| 22 | .82727| 45 | .20879| 7] | . 29784] 31 | 77051) 45 24 
37 | 63765] 23 | 56826] 22 | . 82776) 49 | . 20808) 45 | . 29815] 31 | . 77033) 45 23 
38 | 63787| 55 | 56771] 22 | 82825) gq | 20736 71 | . 29846] 3) | 77014) jg | 22 
39 | 63810] 53 | 56716] 22 | . 82874| 44 | 20665] 45 |. 29877] 35 | . 76996] jo 
40 |0. 63832 1. 56661} -, |0. 82923) 49 |1. 20593| 7, [1.20909] 3, |0. 76977| yg | 20 
41 | . 63854| 22 | | 56606 22 | . 82072) £5 | . 20522| 41 | . 20940] 3 | . 76959] 19 | 19 
42 | | 63877| 22 | | 56551 25 |: 33022) 34 | 20451; 45 | . 29971] 39 | . 76940] yo | 18 
43 | _ 63899| 22 | | 56497 2% | 83071) 44 | 20379] 44 | - 30003] 34 | . 76921] 5 17 
44 | . 63922 a 56442) 22 | . 83120] 4o |. 20308] 7; | . 30034) 35 | . 76903) 19 
45 |0. 63944| 55 |1. 56387| => 0.83169) 49 |. 20237] >, |1. 30066] 31 |0. 76884] 1g 15 
46 | . 63966] 55 | 56332) £4 | . 83218] 55 | . 20166] 7 | . 30097) 30 | . 76866) 9 | 14 
47 | . 63989] 33 | 56278, 25 | . 83268) 45 | . 20095] 7, | . 30129) 34 16847 19 | 13 
48 | 64011) 32 | °56223| 29 | .83317| 4 | . 20024] 4; | . 30160) 35 - 76828 1g | 22 
49 | . 64033] 22 | | 56169] 25 |_. 83366) 44 | 19953) 4; |. 30192) 35 _ 768: fo Le 
50 |0. 64056| 55 |1. 56114, 5, |0. 83415] 55 |1. 19882, 7, |1. 30223] 35 0. T6791 19 | 10 
51 |. 64078) 53 | 56060] 2- | . 83465] 4o | 19811] 7) | . 30255) 35 76772 is] 2 
52 | . 64100) 55 | 56005] 24 | . 83514) Fy | 19740] 7, | - 30287] 37 | 76754) yy | 8 
53 | 64123] 53. | 55951] 24 | 83564) gq | 19669) 79 | - 30318) 35 | . 76735) 3 | 7 
54 |. 64145| 22 | 55897] 24 | . 83613) 44 | 19599] 7, |. 30350] 35 | . 76717] 19 es 
55 |0. 64167) 53 |1. 55843, =, |0. 83602) 5 |1. 19528) 7; |1. 30382) 5, 0. 76698 io} 5 
56 | 64190] 35 | 55789 Pe | . 83712] Yo | - 19457| 79 | - 30413) 35 70675 is} 4 
57 |. 64212| 55 | 55734, 24 | . 83761] 59 | -19387/ 71 | - 30445 39 | - 78661) yg | 3 
58 | 64234) 55 | 55680] 24 | .83811| 4g | 19316] 79 | - 30477) 35 | - 766421 19 | 2 
59 | - 64256) 55 | 55626] 84 | .83860| 55 | .19246| 7, | . 30509] 35 | 76623) 19 | ft 
60 10. 64279| *° |1. 55572 0. 83910 1. 19175 1. 30541 0 766 
i iff. Dir we, Dit = 
1292308 a sec ee cot ie tan pa csc 1 sin 17<50° 
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TABLE 31 


Natural Trigonometric Functions 


tan 


. 55250 
. 55196 
. 65143 
. 55089 


. 55036 
. 54982 
. 54929 
. 54876 
. 54822 


. 54769 
. 54716 
. 04663 
. 54610 
. 54557 


. 04504 
. 54451 
. 54398 
. 54345 
. 54292 


. 54240 
. 54187 
. 54134 
. 54082 
. 54029 


. 53977 
. 53924 
. 538872 
. 53820 
. 53768 


. 53715 
. 53663 
. 538611 
. 538559 
. 53507 


. 538455 
. 538403 
. 53351 
. 538299 
. 58247 


. 53196 
. 93144 
. 538092 
. 53041 
. 52989 


. 52938 
. 52886 
. 52835 
. 52784 
. 02732 


. 52681 
. 52630 
. 52579 
. 02527 
. 52476 
. 02425 


. 83910 
. 83960 
. 84009 
. 84059 
. 84108 


. 19175 

. 19105 
. 19035 
. 18964 
. 18894 


. 84158 
. 84208 
. 84258 
. 84307 
. 84357 


. 18824 
. 18754 
. 18684 
. 18614 
. 18544 


. 84407 
. 84457 
. 84507 
. 84556 
. 84606 


. 18474 
. 18404 
. 18334 
. 18264 
. 18194 


. 84656 
. 84706 
. 84756 
. 84806 
. 84856 


. 18125 
. 18055 
. 17986 
. 17916 
. 17846 


. 84906 
. 84956 


. 85006 ; 


. 85057 
. 85107 


wLTTFE 
. 17708 
. 17638 
. 17569 
. 17500 


. 85157 
. 85207 
. 85257 
. 85308 
. 85358 


. 17430 
. 17361 
. 17292 
. 17223 
. 17154 


. 85408 
. 85458 
. 85509 
. 85559 
. 85609 


. 17085 
. 17016 
. 16947 
. 16878 
. 16809 


. 85660 
. 85710 
. 85761 
. 85811 
. 85862 


. 16741 
. 16672 
. 16603 
. 16535 
. 16466 


. 85912 
- 85963 
. 86014 
. 86064 
. 86115 
0. 86166 
. 86216 
. 86267 
. 86318 
. 86368 


. 16398 
. 16329 
. 16261 
. 16192 
. 16124 


it. 
. 15987 
. 15919 
. 15851 
. 15783 


16056 


. 86419 
. 86470 
. 86521 
. 86572 
. 86623 


~ Lo715 
. 15647 
. 15579 
. 15511 
. 15443 


. 86674 
. 86725 
. 86776 
. 86827 
. 86878 
. 86929 


. 15375 
. 15308 
. 15240 
. 15172 
. 15104 
. 15037 


. 80541 
. 80573 
. 80605 
. 30636 
. 80668 


. 76604 
. 76586 
. 76567 
. 76548 
. 76530 


. 80700 
. 80732 
. 30764 
. 80796 
. 30829 


. 76511 
. 76492 
. 76473 
. 16455 
. 76436 


. 80861 
. 80893 
. 80925 
. 80957 
. 80989 


. 76417 
. 76398 
. 76380 
. 76361 
. 76342 


. 81022 
. 31054 
. 31086 
. 31119 
. 31151 


. 16323 
. 76304 
. 16286 
. 16267 
. 76248 


. 31183 
. 81216 
. 31248 
. 31281 
. 31313 


. 76229 
. 76210 
. 76192 
. 76173 
. 76154 


. 31346 
. 81378 
. 31411 
. 31448 
. 31476 


. 76135 
. 76116 
. 16097 
. 76078 
. 76059 


. 31509 
. 31541 
. 31574 
. 31607 
. 31640} ¢ 


. 76041 
. 76022 
. 76003 
. 75984 
. 75965 


. 31672 
. 31705 
. 31738 
. 31771 
. 31804 


. 75946 
. 15927 
. 75908 
. 75889 
. 75870 


. 31837 
. 31870 
. 31903 
. 31936 
. 31969 


. 75851 
. 15832 
. 75813 
. 15794 
. 15775 


. 32002 
. 82035 
. 82068 
. 32101 
. 32134 


. 19756 
. 15738 
. 16719 
. 75700 
. 75680 


. 32168 
. 82201 
. 82234 
. 32267 
. 32301 


. 75661 
. 75642 
. 15623 
- 75604 
- 15585 


. 32334 
. 82368 
. 32401 
. 32434 
. 32468 
. 82501 


. 75566 
. 75547 
. 15528 
. 75509 
. 75490 
. 75471 


sec 


cot 


tan 


csc 


sin 
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TABLE 31 


Natural Trigonometric Functions 


0. 65606 1. 52425 ; ; 1. 32501 
. 65628 . 62374 : : . 82535 
. 65650 . 52323 : : . 32568 
. 65672 . 52273 : : . 82602 
. 65694 . 52222 , : . 82636 


0. 65716 1. 52171 L ; 1. 32669 
. 65738 . 62120 ‘ : . 32703 
. 65759 . 52069 ' . . 82737 
. 65781 . 52019 : : . 82770 
. 65803 . 51968 : : . 82804 
. 65825 . 51918 ; : 1. 32838 
. 65847 . 51867 : 5 . 82872 
. 65869 . 1817 : : . 82905 
. 65891 . 51766 : ; . 82939 
. 65913 TOUALG : : . 32973 


. 65935 . 91665 4 ; 1. 33007 
. 65956 . 51615 : : . 33041 
. 65978 . 51565 ; ; . 338075 
. 66000 . 61515 : : . 33109 
. 66022 . 51465 : : . 83143 


. 66044 1. 51415 I : 1. 33177 
. 66066 . 51364 : : . 83211 
. 66088 . 61314 : ; . 33245 
. 66109 . 91265 : : . 838279 
. 66131 . 61215 : : . 83314 


. 66153 1. 51165 ; : 1. 33348 
. 66175 . 91115 3 4 . 33382 
. 66197 . 61065 : : . 33416 
. 66218 . 91015 d : . 33451 
. 66240 . 50966 5 ; . 838485 


30 |0. 66262 1. 50916 : : 1. 33519 
31 | . 66284 . 50866 : 2 . 33554 
. 66306 . 50817 4 3 . 33588 
. 66327 . 50767 A ; . 83622 
. 66349 . 50718 ; : . 33657 


. 66371 1. 50669 ! 1. 33691 
. 66393 . 50619 : : . 83726 
. 66414 . 50570 ‘ : . 33760 
. 66436 . 90521 : : . 83795 
. 66458 . 50471 : : . 83830 


40 |0. 66480 1. 50422 ; : 1. 33864 
. 66501 . 50373 : : . 33899 
. 66523 . 50324 : ; . 33934 
. 66545 . 50275 : : . 83968 
. 66566 . 50226 , : . 84003 


. 66588 . 50177 l é 1. 34038 
. 66610 . 50128 ; : . 84073 
. 66632 . 50079 ; f . 84108 
. 66653 . 50030 ; : . 84142 
. 66675 . 49981 ‘ : ey VEG 


. 66697 . 49933 j : 1, 34212 
. 66718 . 49884 ; ; | . 34247 
. 66740 . 49835 : : . 84282 
. 66762 . 49787 ‘ : . 84317 
. 66783 . 49738 i : . 84352 


. 66805 . 49690 ! : 1. 34387 
. 66827 . 49641 : 4 = . 84423 
. 66848 . 49593 : : . 84458 
. 66870 . 49544 ‘ : r . 84493 
59 | . 66891 . 49496 5 ; . 84528 
60 10. 66913 . 49448 ; : 1. 34563 


t . 
131° ©°s ‘| sec 
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TABLE 31 
Natural Trigonometric Functions 
4)°> : 5 S ic 
a oe Diff, 137 
L sin ‘T csc 1 tan on cot at sec ae cos ‘|Dif: + 
AG 
0 lo. 66913 1. 49448 0. 90040 1. 11061 1. 34563 74314 60 
1 | : 66935] 2? |. 49399 re "90093 : - 10996} © |: 34599] 36 |. 74295] 19 | 59 
2 | . 66956/ 55 | 49351] 48 |. 90146| 23 |: 10931] 6 | ° 34634] 35 | | 74276] 19 | 58 
3 | . 66978] 57 | . 49303] 48 | .90199/ 25 |. 10867| 6% |’ 34669) 3° | | 74256) 20 | 57 
4 | . 66999) 55 | 49255, 43 | . 90251] 22 | 10802] 6 | | 34704) 35 | ° 74237| 1° | 56 
5 |0. 67021| 5, |i. 49207 4g [0. 90304] 5 1. 10737| g. |i. 34740| 5- |0. 74217| 49 | 55 
6 | .67043| 57 |. 49159] 48 | 90357 10672 "34775 74198 54 
7 | 67064] 35 | 40111) 48 | ‘90410 -10607| 8 | ' 34811] 36 |’ 74178] 29 | 53 
8 | . 67086) 5; | . 49063] 4 | . 90463] 23 |. 10543) BS | | 34846) 8° | | 74159] 19 | 59 
9 | . 67107] 55 | .49015, 48 | . 90516] 23 |. 10478| 8 | | 34ggo| 36 | | 74139] 29 | 51 
10 0. 67129] 95 |1. 48967/ 4g 0. 90569) 55 [1 10414| g- [1. 34917| 35 |0. 74120] 99 | 50 
11 | . 67151) 57 | 48919 48 |. 90621] 52 | | 10349 "34953 74100 49 
12 | . 67172| 55 | . 48871) 4 | . 90674] 25 |. 10285] 64 | ° 34988] 35 | ° 74080) 2° | 48 
13 | . 67194] 5] | . 48824) 47 | | 90727] 23 | ° 10220 ny 35024 ee 74061) 3? | 47 
14 oe 99 | 48776 4g | 90781] 23 | 10156) 8% | 35060] 3° | | 74041) 29 | 46 
1, 48728 0. 90834 1. 10091 1. 3509 
16 | . 67258] 21 | ° 48681 e - 90887| 23 | 10027| 64 geist] 36 r4003| 20 Z 
17 | . 67280] 5; | . 48633) 7 | 90940] 23 | 09963) 64 | ° 35167| 36 | ° 730983) 19 | 43 
18 | . 67301 48586 "90993 09899] 64 | 35293] 36 20 
Hea eee 48 53 65 (| 35 | - £3963) jg | 42 
91 | 48588} 7 | . 91046] 23 | 09834] 82 | | 35238] 35 |: 73044) 3° | 41 
20 |0. 67344] 55 [1.48491] 4, [0.91099] 5 |. 09770) gy |. 85274| 5° |. 73924 40 
21 | . 67366] 51 |. 48443, 78 |. 91153] 24 | ° 09706 35310] 2 | © 73904) 29 | 39 
22 | . 67387| 55 | . 48396] 72 | .91206| 23 | . 09642] 64 | ° 35346) 26 | © 73885] 19 | 38 
23 | . 67409 48349 "91259 09578, 64 36 20 
a i a " 35382 73865 37 
24 | . 67430| 55 |. 48301} 47 | 91313] 23 | 00514] 84 | ° 35418) 36 | * 73846] 19 | 36 
25 10. 67452 1, 48254 0. 91366] 2 |i. 09450 Tee ees #0 
a i 2 64 | 35454 73826 35 
26 . 67473 os - 48207 47 | - 91419] 24 | 09386, 84 | ° 35490 Be 73806 +s 34 
67495| 22 | ° | a " 09322 35526 73787 33 
28 | .67516| 55 | 48113} 47 | 91526 a 09258, 8 | -35562| 36 | ° 73767] 20 | 30 
29 | . 67538) 97 | 48066, 4, | . 91580] 23 | 09195] 68 | | 35598] 36 | | 73747] 20 | 31 
30 10. 67559 1. 48019 0. 91633 1.09131 1. 35634| °° 8 
35 |< oreas| 22 | 47072) az | - 91687] F3 | 09067] G4 | - 35670] 36 |. 73708] 30 | 29 
9174 09003 
33 | | 67623| 3 | a7e7a|_ 47 |“ orz94| 54 |“ ggao| 63 | 3ay4g| 36 | 73088) 19 | 28 
323| 55 re a 3 | | 35743 73669 27 
34 | . 67645) 57 | 47831) 47 |. 91847/ 78 |‘ oss76| 84 | ° 35770) 36 | | 73649| 29 | 96 
35 0. 67666 1. 47784 0.91901 1. 08813 26 a 
a e alt 1. 35815 73629 25 
36 | . 67688] 57 | 47738, 48 | g1955 08749] 64 |" 35859) 37 | 73610] 19 | o4 
37 | . 67709) 5; | . 47691] 44 |. 92008] 23 |‘ osese) 98 | * 35888) 36 | © 735901 20 | o3 
38 | . 67730 47644 - 92062| 24 |‘ os622| 64 eapee || Senceoheo 
39 | . 67752 5) | .47598} 77 | 92116) 24 | .08559| 83 | | 35961] 37 | | 73551) 19 | a7 
40 (0. 67773 1.475511 ~~ {0.92170 108496, °° 4 ot 
S ey 54 [L084 1. 35997 73531 20 
41 . 67795 A 47504 46 | - 92224) 24 | ° osaa2 fe - 36034 a 73511 oe 19 
; a1 | Al 47 | 92277] 23 | | 08369 - 36070 73491| 29 | 18 
43 | . 67837/ 55 | .47411| 46 | . 92331] 24 | 08306) 88 | ° 36107| 37 | 73479| 19 | ay 
44 | . 67859) 9; | 47365) 4g | . 92385| 24 | 08243; 88 | | 36143| 36 | © 73455) 20 | 76 
45 |0. 67880 1. 47319 0. 92439 iosi79| °* di 20 
5 5 i le 1. 36180 73432 15 
46 - 67901 a 47272 46 | 92493] 24 | . 08116 eA _ 36217 EF 73413| 19 | 44 
SE ace ie 46 | - 92547| 27 | . 08053] 83 | ° 36253 73393| 29 | 13 
48 |. 67944) 97 | 47180, 48 | | 92601 21 |. 07990} 88 | ° 36200) 37 | | 73373] 20 | 75 
49 | . 67965) 95 | .47134| 47 | .92655/ 24 | 07927] 88 | ° 36327] 37 | | 73353] 20 | 34 
50 |0. 67987 1. 47087 0. 92709 1 o7s64| °° 36 20 S24 
51 |. 68008) 21 | 47041 4g | .92763| 54 |" o7g01| 83 Ser rae 204] He 
52 | . 68029 "46995 -92817| 24 |’ 63 37 20 | o? 
as ! ae the: ' 07738 ' 36437 73294 8 
54 | Lenora] 2! | denog) 46 | S2825) 54 | 07676) G3 | - Bosra BF | Zazra] 20 | 7 
55 (0. 68093 1, 46867 = |o, o2080| >" \Covssol 1° Wie 37 | 1254) 20 | 8 
56 |. 68115) 2? |" 46811 ae | 93034 24 [> o74g7| 63 ee 37 oe 19 |] 
57 | . 68136 46768 \aae oho pel Ron a 37 0} Me 
eae - 93088 07425 "36622 7 20 
58 | . 68157 46719] 46 | ° 93743] 55 63 B7 i eens 
59 | - 46715 "93143 ' 07362 : 36659 73175| 20 
59 |. 68179 46674, 45 |“ g3iq7| 54 63 37 175 2 
ails 46 | 93197] 22 |. 07299 - 36696 73s 2ed| 
Lu 0. 68200| 2" I1" 46628 0. 93252] °° |1.07237| ©? 1. 36733) 37 Jo. 73135| 20 | 9 
Diff ; 
132° cos 1 sec Wh cot Diff tan Diff csc Diff. sin Diff. , 4 
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TABLE 31 
Natural Trigonometric Functions 
43°> | “136° 
Diff Diff Diff. 136 
c sin 1 csc U tan AS cot ane sec ae cos Diff. ¥ 


0. 93252 1. 07237 


1. 36733 0. 73135 
- 68221 5} | . 46582 ae 93306, 2+ | 07174) 83 37 


54 62 | - 36770| 37]. 20 

. 68242) 35 |. 46537| 42 | .93360| 2¢ | \o7112| 62 | ° 36807] 37 | | 73096) 29 | 58 
. 682 4a | 93415] 22 | .07049| 63 | | 3684a) 37 | | 732076] 29 | 57 
. 68285 51 | 46445] 48 | . 93469 06987) 63 | : 36881] 34 | . 73056) 3 | 56 


5 ees 
0. 68306) 5, 1. 46400 46 0. 93524 eo 1. 06925 63. [1 36919) 37 10. 73036) o9 | 55 
. 68327 99 | - 46354 45 . 93578 55 | ° 06862 62. | - 36956) 37 73016) 59 | 54 
- 68349) 5) | - 46309 46 . 93633 55 | 06800 62. | - 36993) 37 72996) 59 | 53 


. 68370 91 | - 46263 45 . 93688 . 06738 62 - 37030) 39 | - 72976 19 52 


0 
1 
2 
3 

5 ee | 
e 
6 
7 
5 68391] 5; | . 46218 93742] ©4 | | 06676 37068 72957 51 

cits ee 5 

10 |0. 68412 4g 0. 93797 a 1. 06613 a 137108) °. uy 
11 | . 68434) 24 |. 46127 " 93852 06551 37143) : 
12 
13 
14 
15 
16 
17 
18 


 68455| 3) | . 46082 i ‘93906 24 | | 06489! 682 | 37180 a "72897 a, 48 
68476) 51 | . 46037, 42 | 93961) 2° | 06427, 82 | ° azar 38 | . 72877] 55 | 47 
68497] 51 | . 45992) 42 | . 94016) 2? | 06365, 83 | | 37255) 32 | . 72857| 55 |_46 
0. 68518) 5, |1. 45946 0.94071] 54 |1. 06303] go [1.37293] 37 |0. 72837] 5, | 45 
68539) 24 |. 45901 94125] 2 | 06241] 62 | 37330) 32 |. ae 
. 68561) 22 | | 45856, 42 | 94180 06179 37368 72797 43 
68582, 21 | | 45811 " 37406 


55 
45 . 94235 . 06117 


19 | 68603] 2! | | 45766) 45 | | 94290) 59 | ‘o605e) 8) | | 37443) 32 | | 72757] 3) | 41 
20 |0. 68624| 5, |1.45721| 4, |0. 94345] 5» |1.05904| go |1. 37481] 39 |0. 72737| 59 | 40 
21 | . 68645] 2! |: 45676| 42 | 94400] 32 |: 05932] BS | 37519] 3% | . 72717] 5 | 39 
22 | : 68666) 21 | | 45631| 45 | / 94455 23 | ‘05870| G2 | 37556) 34 |. 72697| 9 | 38 
23 | | 68688| 2? | | 45587, 44 |: 94510] 2? | :o5so9| 85 | 37594] 38 | . 72677] 99 | 37 
24 | 68709| 21 | | 45542} 48 | | 94565] 2? |. 05747] 65 |. 37632] 38 |. 72657] 99 | 36_ 
25 (0. 68730| 5, |1. 45497, yp 0. 94620) 2% |1. 05685, 1 |1. 37670] 38 |0. 72637| 99 | 35 
26 | . 68751| 21 |: 45452] 45 |. 94676] 38 |‘ 05624} 85 | . 37708] 38 | . 72617] 99 | 34 
27 | | 68772) 21 | 45408, 44 | : 94731) 3? |: 05562] BY | 37746) 38 | - 72597| 99 | 33 
28 | | 68793] 21 | | 45363) 45 | | 94786] 22 | -05501| 85 | . 37784] 38 | - 72577] 99 | 32 
29 | 6814) 2! | °45319| 44 | | o4gai| 32 | 05439] G7 |. 37822) 38 | - 72557] 99 | 31 
30 (0. 68835] 5, |1.45274, 45 |0. 94896] >, 1.05378) g,_ |. 37860] 3g |0. 72537) 99 | 30 
31 |. 68857| 22 | 45229, 45 |. 94952] 28 | 05317| G9 | - 37898) 38 | - 72517] 99 | 29 
32 | 68878] 2! | / 45185, 44 | ‘ 95007| 22 | 05255] gy | - 37936] 3g | - 72497) 99 | 28 
33 | .68809| 2! | /45141| 44 | ‘ 95062) 23 | 05194] gy | - 37974) 38 | - 72477] 99 | 27 
34 | ..68920| 21 | | 45096, 45 | 95118) 38 | 05133] |. 38012) 39 | - 72457] 99 | 26 
35 0. 68941| 5, |. 45052| 4. |0.95173| 26 |1. 05072} go |1. 38051] 3g |0. 72437) 99 | 25 
36 | . 68962| 21 | 45007] 43 | 95229] 28 | o5010| Bi | - 38089] 3g | . 72417) 99 | 24 
37 | . 68983| 21 | | 44963| 44 | 95284] 2? | 04949] gy | 38127] 38 | - 72397] 99 | 23 
38 | .69004| 2! |: 4419] 44 |. 95340) 3° | 04888, G] | - 38165) 3q | - 72377] 99 | 22 
39 | .60025| 2! |: 44875] 44 |. 95305] 32 | 04827] g) |. 38204) 38 |. 72357) 99 | 21 
40 |0. 69046] 5, |. 44831] 4, |. 95451| 2. |1.04766| g, | 1. 38242) 35 |0. 72337) 99 | 20 


41 | . 69067 " 44787 "95506 2° | 04705; % |: 38280) 35 | . 72317 19 
42 | _ 69088) 2! | | 45 |" 95562 56 | 04644] 8! | | 38319] 32 | . 72207 20 
43 | | 69109| 21 |‘ 44698] 44 | - 95618] 28 | 04583] ) | 38857, 39 | - 72277] 99 | 17 
44 | . 69130 (44654) 44 |. 95673 "04522 38396) 32 | . 72257] 5) | 16 
45 |0. 69151 0. 95729 1. 04461 1 88434, 39 0. 72236| 9, | 15 
46 | . 69172 " 44567 95785 04401 38473] * : 
47 | 69193] 21 | 44 | | 95841 ee -04340| 61 | | 38512 Be 72196] 55 | 13 
48 | 69214| 21 | | 44479] 47 | 95897] 25 | 04279, Gy | - 38550] 39 | - 72175) 29 12 
49 | . 69235] 21 | 44435] 44 |. 95952| 22 | 04218] Gq |. 38589) 30 | oh 


50 10. 69256 1. 44391) 4, |0. 96008} 56 |1.04158) 4, _|1. 38628) 39 10. 72136) 99 10 


21 8 
51 | . 69277 44347, 44 |: 96064] 22 | . 04097 38666] 3° | . 72116] 9, 
52 | . 69298) 21 | ° 44304) 44 |. 96120 56 | “4036, 6! | | 38705) 39 | - 72095] 99 


: 44 58h igsae 2: |e 
53 | . 69319 44260 96176 03976, 8° | (38744) $5 | . 72075| 99 
54 |. 69340) 21 |< aazi7] 43. | | 96232] 36 | 03015, Gq |_- 38783) 39 | - 72055] 99 | 


9 

8 

if 

6 

55 J0. 69361 21 |) 44173 44 |9- 96288) 56 1. 03855 61 |t 38822) 9 0. 72035) 99 
3 

2 

1 

0 


56 | . 69382 96344) 55 |< 03794, 84 |. 38860) 35 | . 72015) 99 
57 | _ 69403) 2! | ° 440g6| 43 | ‘ 96400) 3° | 03734) Gp | - 38899] 39 | - 71995] O1 
58 | 60424 21 | 44042, 43 | . 96457| 26 | 03674] gy | - 38938) ; 

59 | .69445| 21 |‘ 43099| 43 | | 96513) 35 | 03613) G9 | - 38977] 39 | - 71954) 99 
60 |0. 69466 0. 96569|_ °° |1. 03553 1, 39016| °° Io. 71934] “Y | oO 


+ i i . i . . 
133° 9S | 4 | see Vo cot 1 tan 1! csc 1 
ooo ee ee ae 
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TABLE 31 


Natural Trigonometric Functions 


. 48956 b : . 89016 
. 48912 ; . 03493 . 39055 
. 43869 ; . 03433 . 39095 
. 43826 ‘ . 03372 . 39134 
. 438783 ; . 03312 . 39173 


. 43739 L . 03252 . 39212 
. 43696 A . 03192 . 89251 
. 43653 : . 03132 . 39291 
. 43610 ‘ . 03072 . 39330 
. 43567 ; . 03012 . 39369 


. 43524 } . 02952 . 89409 
. 43481 . 97189 . 02892 . 39448 
. 43438 . 97246 . 02832 . 39487 
. 43395 . 97302 . 02772 . 89527 
. 43352 . 97359 . 02713 . 39566 


. 43310 . 97416 . 02653 1. 39606 
. 43267 . 97472 . 02593 . 39646 
. 43224 . 97529 . 02533 . 39685 
. 43181 . 97586 . 02474 . 89725 
. 43139 . 97643 . 02414 . 39764 


1. 43096 . 97700 . 02355 . 39804 
. 43053 . 97756 . 02295 . 39844 
. 43011 . 97813 . 02236 . 39884 
. 42968 . 97870 . 02176 . 39924 
. 42926 . 97927 . 02117 . 39963 


. 97984 . 02057 . 40003 
. 98041 . 01998 . 40043 
. 98098 . 01939 . 40083 
. 98155 . 01879 . 40123 
. 98213 . 01820 . 40163 


. 98270 . 01761 . 40203 
- 98327 . 01702 . 40243 
- 98384 . 01642 . 40283 
. 98441 . 01583 . 40324 
. 98499 . 01524 . 40364 


0. 98556 1. 01465 . 40404 
. 98613 . 01406 . 40444 
- 98671 . 01347 . 40485 
. 98728 . 01288 . 40525 
- 98786 . 01229 . 40565 


. 98843 . 01170 1. 40606 
. 98901 OLERT2 . 40646 
. 98958 . 01053 - 40687 
. 99016 . 00994 . 40727 
- 99073 . 00935 . 40768 


. 99131 . 00876 . 40808 
. 99189 . 00818 . 40849 
. 99247 . 00759 - 40890 
. 99304 . 00701 . 40930 
. 99362 . 00642 . 40971 


0. 99420 1. 00583 1. 41012 
. 99478 . 00525 . 41053 
. 99536 . 00467 . 41093 
. 99594) 2° | | 00408 . 41134 

569 . 99652 . 00350 41175 

1. 41627 . 99710 - 00291 1. 41216 
. 41586 . 99768 . 00233 . 41257 
. 41545 . 99826 . 00175 . 41298 
. 41504 . 99884 . 00116 . 41339 
. 41463 . 99942 . 00058 . 41380 

1. 41421 . 00000 . 00000 1. 41421 


cot ‘| tan 
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TABLE 32 
Logarithms of Numbers 
1-250 

No. Log No. Log No. Log No. Log No. Log 

1 0. 00000 nul 1. 70757 101 2. 00432 151 2. 17898 201 2. 30320 

2 0. 30103 52 1. 71600 102 2. 00860 152 2. 18184 202 2230535 

3 0. 47712 53 1. 72428 103 2. 01284 153 2. 18469 203 2. 30750 

4 0. 60206 54 1. 73239 104 2. 01703 154 2. 18752 204 2. 30963 

5 0. 69897 55 1. 74036 105 2. 02119 155 2. 19033 205 Ph Bil ls 

6 0. 77815 56 1. 74819 106 2. 02531 156 2. 19312 206 231387 

7 0. 84510 57 1. 75587 107 2. 02938 157 2. 19590 207 2. 31597 

8 0. 90309 58 1. 76343 108 2. 03342 158 2. 19866 208 2. 31806 

9 0. 95424 59 1. 77085 109 2. 03743 159 2. 20140 209 2. 32015 
10 1. 00000 60 Lal (35 110 2. 04139 160 2. 20412 210 232222 
11 1. 04139 61 1. 78533 ital 2. 04532 161 2. 20683 201 2. 32428 
12 1. 07918 62 1. 79239 2 2. 04922 162 2. 20952 212 2. 832634 
13 1. 11394 63 1. 79934 11163 2. 05308 163 2. 21219 213 2. 32838 
14 1. 14613 64 1. 80618 114 2. 05690 164 2 21484 214 2. 33041 
15 1. 17609 65 1. 81291 Ts 2. 06070 165 2. 21748 215 2. 88244 
16 1. 20412 66 1. 81954 116 2. 06446 166 2. 22011 216 2. 33445 
17 1. 23045 67 1. 82607 117 2. 06819 167 2, 22272 Pe 2. 33646 
18 WE25 O27 68 1. 83251 118 2. 07188 168 2. 22531 218 2. 33846 
19 1. 27875 69 1. 83885 119 2. 07555 169 2. 22789 219 2. 34044 
20 1. 30103 70 1. 84510 120 2. 07918 170 2. 23045 220 2. 34242 
21 il. BR peyy 71 1. 85126 121 2. 08279 171 2.23300 221 2. 84439 
22 1. 34242 a2 1. 85733 122 2. 08636 172 2. 23553 222 2. 34635 
23 1k See 73 1. 86332 123 2. 08991 173 2. 28805 223 2. 34830 
24 1. 38021 74 1. 86923 124 2. 09842 174 2. 24055 224 2. 35025 
25 1. 39794 75 1. 87506 125 2. 09691 i743) 2. 24304 225 2. 35218 
26 1. 41497 76 1. 88081 126 2. 10037 176 2. 24551 226 2. 35411 
27 1. 43136 77 1. 88649 127 2. 10380 Lae 2. 24797 227 2. 35603 
28 1. 44716 78 1. 89209 128 2. 10721 178 2. 25042 228 2. 35798 
29 1. 46240 79 1. 89763 129 2. 11059 179 2. 25285 229 2. 35984 
30 1. 47712 80 1. 90309 130 2. 11394 180 QaZoonn 230 2. 36173 

| 

31 1. 49136 81 1.90849 || 131 Dela 181 2. 25768 231 2. 36361 
32 1750515 82 1. 91381 132 2. 12057 182 2. 26007 232 2. 36549 
33 1. 51851 83 1. 91908 133 2. 12385 183 2. 26245 233 2. 36736 
34 1. 53148 84 1. 92428 134 2. 12710 184 2. 26482 234 2. 36922 
35 1. 54407 85 1. 92942 135 2. 18033 185 Py, OXSUILEY. 235 2537107 
36 1. 55630 86 1. 93450 136 2. 18354 186 2. 26951 236 2. 37291 
37 1. 56820 87 1. 93952 137 2, 13672 187 2. 27184 237 2. 37475 
38 1. 57978 88 1. 94448 138 2. 13988 188 2. 27416 238 2. 37658 
39 1. 59106 89 1. 94939 139 2. 14301 189 2. 27646 239 2. 37840 
40 1. 60206 90 1. 95424 || 140 2. 14613 190 2. 27875 240 2. 3802] 
41 1. 61278 91 1. 95904 141 2. 14922 191 2. 28103 241 2. 38202 
42 1. 62325 92 1. 96379 142 2. 15229 192 2. 28330 242 2. 38382 
43 1. 63347 93 1. 96848 143 2. 155384 193 2. 28556 243 2. 38561 
At 1. 64345 94 1. 97313 144 2. 15836 194 2. 28780 244 2. 38739 
45 1. 65321 95 1. 97772 145 2. 16137 195 2. 29003 245 2. 38917 
46 1. 66276 96 1. 98227 146 2. 16435 196 2. 29226 246 2. 39094 
47 1. 67210 97 1. 98677 147 2. 16732 197 2. 29447 247 2. 39270 
48 1. 68124 98 1. 99123 148 2. 17026 198 2. 29667 248 2. 39445 
49 1. 69020 99 1. 99564 149 2. 17319 199 2. 29885 249 2. 39620 
50 1. 69897 100 2. 00000 || 150 2. 17609 200 2. 30103 250 2. 39794 
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TABLE 32 


Logarithms of Numbers 


1000-1500 


dj 4 |d 


Celie | Cie Prop. parts 


dj 3 5 |dl 6 
43100043)44]00087 43]00130/|43100173 44]00217 43100260 
43100475 |43]00518/43]00561|43]00604|43100647 42100689 
43100903/42]00945/|43}00988/42]01030/42]01072'43101115 
42101326/42]01368/42]01410/42]01452/42101494!42101536 
42101745/42101787/|41101828/42}01870|42101912/41101953 


41102160)42}02202|41]02243/41]02284/41]02325 41102366 
4110257 2/40]02612/41102653)41102694 41102735 41102776 
4102979 4010301 9/41103060/40}03 100/41]03141/40]03181 
41103383)40]03423| 40103463 |40]03503/40]03543) 4003583 
3903782} 40]03822) 40103862) 40]03902/39]0394 1|40]03981 


OWNS Rw H| 


40]04179|39]04.218)/40]04.258]|39|04297/39104336|40|04376 
39]0457 1|39]04.6 1 0)40104.650|39]04689/38]04:727 |39/04.766 
39]04.96 1|38]04999|39]05038/39]05077/38105 1 15\39105154 
38]05346|39}05385|38]05423/38]0546 1 |39105500\38105538 
39/05 729|38105767/38]05805/38|05843|38]05881/37105918 


38]06 108/37/06145|38]06 183/38]0622 1 |37106258|38106296 
37/06483 38106521 |37]06558|37|06595|38|06633137106670\37 
37/06856|37]}06893|37]06930)37|06967|37107004137107041 
37107225 |37]07262|36]07298/37107335|3710737 2136107408137 
36]0759 1|37]07628|36]07664|36/07700|37107737 13607773 


OWONMR STW | 
iw) 
os 
i) 
i=) 


36]07954|36]07990|37|08027 |36108063|36/08099/361081 35¢ 
351083 14|36]/08350/36/08386|36|08422)/36108458/35/08493 
36]08672|35]08707|36]08743/35108778|36/08814/35108849 
351090 26|35]0906 1)35]09096/36109132/35]09167/35109202 
35109377 |35]094 1 2|35]094.47/35|094821351095 17135109552 


351097 26|34109760/35109795|35109830134|09864135109899 
35]10072/34]10106/34]10140/35]10175134|10209|34]10243 
35]10415)34/10449/34]10483/34/10517/34110551/34/10585 
34]10755|34]10789]/34] 10823/|341 10857133] 10890|34]10924 
34]1 1093/33) 1 1126)34/11160)33}1 1193]34)1 1227/3411 1261/33]11294 


| 
CONOOPWNHRH 
bo 
(=) 
iw) 
So 


341 1428/33] 1146 1/33]1 1494/3411 1528)33) 1 1561/33]1 159413411628 
33}1 1760/33] 11793)33]1 182634] 1 1860]33]11893]33111926 
33]1 2090/33] 12123/33]12156/33]12189]33]12222/39]122954 
33}124 18/32) 12450)33]12483 33] 125 16|32]12548}33]12581 
33]12743/3212775/33] 1 2808/32] 12840|32112872/33]12905 


CON RST BWW KH! 
— 
oO 
mm 
i°,0) 


33] 1 3066/32] 13098)32]13130/32|13 162/32]13194/39]13226 
32)13386/32]13418)32113450|31]13481|32]135 13139113545 
32113704 |31]13735|32|13767/|32]13799131]13830/39] 13862 
31]14019/32] 1405 1131]14082/32114114131114145131]14176 
32]14333)31]14364)31]14395 /3111 4426]31]14457|39114489131/14520 


3114644 /31]14675/31]14706/31]14:737/31|14768)31|14799|30114829 
31]14953/30] 149833115014 /31115045/31/15076 30115106 |: 
30]15259)31]15290)|30]15320|31115351/30/15381/31115412!: 
30]15564|30]15594|31]15625|30]15655/30|15685\30115715 
30]15866)31]15897/30] 15927 |30]15957/30|15987\301 16017 


CONS RWNH! 


30]16 167/30] 16197 )30] 16227 29] 1 6256/30] 16286)30116316 
30] 1646530] 164 95]29] 16524 |3011 6554/30] 16584 29/166 13|: 
2911676 1/30] 16791 /29]16820 30] 1685029] 16879]|30| 16909 
30} 17056) 29] 17085 |29]17 114 |29]1'7143/30]17173 29117202): 
29|17348|29]1 737729] 17406 |29]17435|2911 7464. 99/1'7493 


(29117638 |29] 17667] 29] 17696 29117725 29117754 98]17782 
dj 1 Gl) 22 ely Belk 4 ie! 


5 jd] 6 


CHONOUBWIH| 
_ 
I 
— 
lor) 
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TABLE 32 
Logarithms of Numbers 
Now OF id) 15 idl) 2) |\d} 3 \d) 4 \di 5) idl 6 dk 7 Jal 8 Id! 9& Jal) Prop. parts 
150 |17609|29]17638 29] 17667 |29] 1 7696 |29] 1772529] 1 7754/28] 17 782/29] 1781 1 |29]17840/29] 1 7869|29 32/31 
151 |17898}28]17926|29] 17955 |29] 17984 |29] 180 13/28] 1804. 1|29] 18070}29] 18099]28] 18 127/29] 18156\28 sy 


1818429] 18213) 28] 1824 1 |29]18270) 28] 18298 ]29] 18327 |28] 18355|29] 1838428] 184 12/29] 1844 1 \28 
18469} 29] 18498 }28] 18526 |28]18554/29] 185832811861 1|28] 1863 9]|28] 18667/|29] 1869628] 1872428 


ba 

2 

3 
154 |18752/28|18780|28] 18808} 29] 18837 |23] 18865 |23] 18893)28] 1892 128] 1894.9|28] 1897723] 19005\28]1 4/13/19 
155 |190383/28]1 9061 |28]19089/28]1 9117 }28] 1914528] 1 9173/28] 19201 |28] 1 9229]28] 1 9257/28] 19285\27 ; - i 
156 |19312/28}19340 28) 19368 |28] 19396) 238] 19424 |27] 1945 1 |28] 19479] 28] 19507/|23]19535|27]19562\28]] 7/99/99 | 
157 |19590/28}19618)27)19645 |28]1 9673/27] 19700 |28] 19728 |28] 1 9756)27|19783)23]1981 1)27/19838)28}] glogia5 
158 |19866)27}19893) 28) 19921 |27]19948/28] 19976 |27] 20003} 27]20030 /23}20058|27]20085)27]20112)281] glo9iag8 
159 |20140)27/20167)|27|20194|28]20222/27] 20249 |27|20276|27]20303|27|20330\28|20358/27]20385\27 30129 
160 }20412)27}20439}27|20466 |27/204 93 |27]20520|28]20548)27|20575)27|20602)27|20629|27]20656\27 Paes. 
161 |20683]27/207 10}27|20737 |26|20763|27]207 90)27|2081 7|27| 2084-4 |27]2087 1 |27]20898)27|20925|27 6] 6 
162 |20952}26]20978]}27|21005 |27]21032|27)2 1059) 26]2 1085)27]21112/27]21139|26)2 1 165}27/21192\27 9) 9 
163 }21219)26)21245)27]/21272)27/21299}|26)21325|27/21352|26]21378|27/21405|26]2143 1/27]21458/26 12}12 
164 |21484)27/21511)|26)/21537/27/21564|26]21590|27]21617)26|21643)26]21669)27]21696)|26]2 1 722)26 


21748 )|27]21775|26)21801 |26]21 827 |27]21854|26)2 1880) 26] 2 1 906|26]21932)|26)21 958)27]2 1985]26| 
22011)26]22037|26]22063|26]22089|26]22 1 15)/26]2214 1 |26]221 67/27/22 1 94/26] 22220|26)2224 626 


Seria our wie) 
_ 
oO 
—_— 
cs 


167 |22272)26]22298 | 26]223 24 |26]22350)|26]223 76 |25]22401 |26]224 27 |26]22453|26]224 7 9|26)/22505/|26 27/26 
168 122531)|26)22557 | 26|22583 |25]22608 |26] 22634 |26]22660 |26]226 86 |26] 227 1 2|25]22737/|26|22763)26 28127 
169 |22789)25]/228 14 |26122840|26]22866 |25]/2289 1 |26]229 1 7 26122943 | 25]22968/|26]22994 25/2301 9\26 wisiay 
170 |23045/25123070|26/23096|25]23 121 |26|23147|25]23 1 72| 26/231 98|25]23223|26123249|25123274 26] 2) 6) 5 
171 |23300)25]23325|25]23350/ 26/233 76 |25)2340 1 |25]/23426 | 26]23.45 2| 25/2347 7|25]23502/26]23528)25) 3| 8) 8 
172 123553/25|23578|25123603)26| 2362925] 23654 |25|23679 25123704 25123729] 25123754 |25]23779|26| 4/11/11 
173 123805|25|23830|25|23855|25|23880 25]23905 25]23930]25]23955 | 25123980] 25124005 /25124030/25|| 5) 14/14 
174 |24055/25124080)25|24 105)25124 130/|25]24 155|25]24 1 80|24124 204 |25]24229|25]2425 4125] 2427 9|o5 : ef ; 4 
175 |124304!25|24329 24]24353) 25124378 | 25] 244.03) 25124428) 24124452) 25124477 /25]24502|25124527\24| 8/22/22 
176 |24551/25|24576 25/2460 1 |24124625 |25| 2465024124674 | 25124699 |25] 24724 |24]24748|25124773\24|_ 9129/24 
177 124797 25124822) 24] 24846 |25]2487 1 |\24|24895 |25]24920| 24124 944 |25|24969|24124993)25[25018\24] |26/25 


250422425066 /25]2509 1 |24]25 115 |24]25139|25]25 164/24] 25 188] 24252 1 2|25)25237|24]2526 1/24 


179 |25285)25}253 10|24]25334|24]25358 24] 25382 [2425406 |25]2543 1/24] 25455/2425479)24]25503/24 " : : 
180 |25527)24]2555 1 |\24]25575|25]25600 24] 25624 |24]25648|24]2567 2/24] 25696 [24125720  24]25744 |24 3 “A 
181 |25768|24]25792 | 24]258 1 6|24]25840 24]25864 24125888 24/259 12|23]25935|24125959)24)25983)24]) 5 | 19/19 
182 |26007|24]2603 12426055 24126079 |23] 26 102 24) 26 126 2426 150|24]26 174 |24)26 198)23)2622 1/24) 617 6) 15, 
183 |26245|24/26269 2426293 |231263 16 |24] 26340 |24] 26364 |23)26387 |24)264 1 1 |24]26435 23)26458)24] 71g) 19 
184 |26482|23]26505|24126529|24]26553 23] 265 76 24) 26600 |23/26623 24) 26647 |23]266 70/24) 26694 231] 9 

9 


26717|2412674 1 23] 2676424126788 )23] 268 1 1|23126834 [24] 26858123] 2688 1 [24126905 123]2692823|]|-22312 | 
2695 1/|24126975)23| 2699812312702 1 |2412704.5 |23| 270682312709 1 |23]27 1 14\24]27 138) 23]27 16 1/23 24/23 
27184 3127207 |24] 2723 1 23|27254 |23] 27277 23] 27300 2327323 |23] 27346 24127370123] 27393|23 5 
97416 2312743923] 27462!231274 8523 27508) 23| 27531 \23|27554 |23|27577 2327600 23]27623|23 F 
7 


1 

2 
189 127646]23127669|23]27692|23]277 15|23|27738|23| 27 76 1 |23|27 784 |23] 27807 |23]27830)|22]27852(23]| 3) 7 

i 4|10| 9 

190 127875 /23127898}23| 27921 |23|27 94.4 |23]2'796 7 |22| 27989 |23] 280 1 2|23] 28035 |23]28058|23]2808 1 /22]| 5/12/12 
191 |28103/23]28126|23}28149 22/2817 1|23|28 194/23] 28217 |23]28240|22]28262/23]28285|22|28307|23] 6)14)14 
192 128330/23]28353)22|28375/|23|28398 23] 28421 |22]284.43|23]284.66 |22| 2848823 2851 1)22)28533)23)] 7|17/16 
193 128556221285 78|23] 28601 |22|28623 |23| 28646 22] 28668 |23]2869 1 |22| 287 13|22]/28735|23]28758)22) 8/19/18 
194 |28780|23|28803)22]28825 22128847 |23| 28870) 22] 28892221289 14 |23]28937|22] 28959) 22]28981)\22] 9/22/21 
195 |29003!231290261221 290481 22129070221 2909223] 291 15 22]29137|2129159]29]29181\2129203 23]] _|22/21 
196 |29226|22]29248]22] 29270} 22]29292|22| 293 14|22| 29336 |22|29358)22]29380)23 29403)22]29425)22 2 2 
197 |29447]22129469]22|29491 |22]295 1322] 29535) 22] 29557 |22| 295 79/221 2960122 29623) 22|29645)22 4| 4 
198 |29667|21|29688!22]297 10/22|29732|22| 29754 |22| 297 76 | 22] 29798 |22}29820 |22 29842/21]29863)22 76 


29885 ]|22129907|22] 29929 |22|2995 1|22| 29973) 21] 29994 |221300 16 |22}30038 |22]30060) 21 3008 1)22 


301031221301 25) 21130146|22130168/22]301 90|21]3021 12230233 22130255] 21]30276 22130298 |22 


O Idi i |dl 2 lal 3 Id} 4 |d) 5 |dl & |d) 7 |d| 8 |d] 9 |d 


| 
OONR OP whe] 

_ 

= 

_ 

o 
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TABLE 32 


Logarithms of Numbers 


2000-2500 

No. d 

200 22130125 
201 (21130341 
202 '22/30557 
203 (21130771 
204 21130984 
205 22131197 
206 21131408 
207 21131618 
208 21131827 
209 20132035 
210 21132243 
Pal 21132449 
212 20132654 
213 20132858 
214 21133062 
215 20133264 
216 20133465 
217 20133666 
218 20133866 
219 20134064 
220 20134262 
221 20134459 
D2 201384655 
223 20134850 
224 19}35044 
225 20135238 
226 19]35430 
220 19135622 
228 20135813 
229 19136003 
230 19136192 
231 19/36380 
232 9119136568 
233 18136754 
234 18136940 
230 18137125 
236 19137310 
237 181387493 
238 18137676 
239 18137858 
240 18]38039 
241 18}38220 
242 17138399 
243 17/38578 


18]38757 


17/38934 
17439111 
17189287 
39445) 18139463 
17)39637 


17/39811 


| 


id 


l i 
OIE OV 619 | SOO SUCHE HCAS DOOM OTHE 09 EHH) SOONG On 60 tO OOH OVsm Cons © 001 OVE 20.09 


Prop. parts 
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TABLE 32 


Logarithms of Numbers 


2500-3000 


Prop. parts 


Swoon owe 


m~rH orm coro 4 


CHOP wH| 


| 
| 


Joona orm etn! 


ONO Or 09 | 
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TABLE 32 
Logarithms of Numbers 

Nos OF dit Ts idle 2h di =sil din 4 dj 8 |dj 9 |djf Prop. parts 

300 [47712/15147727|14147741 |15/47756)14147770 14]47813|15]47828|14]47842)15 

301 |47857|14147871)|14]47885|15]4790011414.7914. 15]47958|14|47972|14]47986|15 15 

302 |48001}14/48015|14148029]15]/48044114148058 na yiesote re peers nc | 3 

303 ]48144/15]48159|14]48173/14]48187|151/48202 15]48259|14/48273)/14 5 : 

304 [48287 |15]48302|14]48316/14148330|14]48344 ¢ 14148387 |14148401 |15]48416]14 B a 

305 ]48430}14]48444|14]48458]15]48473114148487 14148544|14148558|14 2 : 

306 |48572]14/48586|15]48601 |14]486 15114148629 15]48686)14]48700)14 Z 4 

307 |48714)14]48728|14148742|14148756]14/48770 14148827 |14]4884 1 |14 eae, 

308 |48855)14/48869|14]48883]14/48897|14148911 14]48968]14]48982)/14 “4 

309 ]48996}14]/49010|14]49024|14149038]14]49052 14]49108/14]49122/14 ts 

310 [49136)14]49150\14149164/14]49178)]14/49192 14449248]14]49262\14]] 

311 [49276)14/49290|14149304]14]49318]14149332 14]49388]14]49402113 

312 |49415)14149429|14149443]14149457114]49471 14449527 )14]49541113 

313 |49554/14]49568|14149582|14]49596114149610 14449665 /14]49679]14 

314 |49693]14149707|14149721113]49734|14/49748 13]49803]14)49817|14 + 

315 |49831}14]49845|14149859|13149872114149886 14449941 |14]49955 |14]] — 

316 |49969)13]49982|14149996|14150010114150024 14450079/13]50092/14]} 1 1 

317 150106)14]50120)13150133|1415014-7|14150161 13150215 /14150229|141] 2 3 

318 |50243)13150256|14150270/|14150284 113150297 14450352/13]50365\14]] 3 4 
¥ 319 150379|14150393|13]/50406|14150420113150433 14450488/13]50501|14]] 4 ° 

— = cal spa 

320 |50515)14450529]13150542/14150556|13150569 13]50623/14/50637|14]] 6 8 

321 150651/13150664 |14150678|13150691 114150705 14450759)13150772\14]] 7 | 10 

322 150786]13150799]14150813]13150826114150840 13}50893)14150907)13]] 8 | 11 

323 150920)14150934/13150947|14150961/13150974 14/51028/13]510411!14]] 9 | 13 

324 151055/13]51068/13]51081/14151095/13151108 1445 1162}13]51175/13 


325 151188)14]5 1202/1315 1215]1315 1228114151242 
326 |51322)13151335/1315 1348/1415 1362\13/51375 
327 |51455)13]51468]13]5 1481 {1415149511315 1508 
328 151587|14]51601 |1315 161413151627 /13151640 
329 51720)13}51733}13151746|13151759|13151772 


13]51295)13]51308)14 
13]51428/13]5144 1/14) 
13)51561/13151574113 
13]51693}13151706|14 
1315 1825]13]51838|13) 


330 15185 1/14]5 18651315 1878/1315 1891 |13151904 
331 151983)13/5 1996 |13}52009)|13152022113152035 
332 [52114/13/52127/13}52140/13/52153/13152166 
333 152244 113]52257/13/52270)14] 5228413152297 
334 152375 |13]52388|13]5 2401131524 1413152427 


1415 1957|13151970|13 
13]52088]|13]52101)13 
13]52218|13152231|\13 
13]52349]13]52362\13 
13]52479]13]52492|12 


335 152504 113)52517|13152530|13]52543|13152556 13152608}13]5262 1113 


| Swmaonm cone | 
ae —_ 
GSowonmon| & 


336 |52634 |13152647| 13/5 266013152673 |13152686\13152690 13152737 |13152750|13 

337 [52763 |13152776|13|52789 131528021 13152815 13[52866113|52879| 19 

338 }52892/13152905 1915291 7|13152930|13152943|13152956 12152994 1315300713] —-—— 
339 |53020)13153033|13(53046|1153058)1315307 1\13153084 19153122113153135 13 

340 |53148)13153161)12153173\13153186l13153199|13153219 13(53250\13153263|12 

341 53275 13153288 13153301 [131533 14|1153326113153339 13153377|13]53390\13 

342 53403} 12153415 /13)53428 1315344 1|19153453113153466 13]53504)|13]53517)|12 q2 
343 |53529)13153542|13153555|115356713153580\13153593 13[53631|12153643 13l| ~~ 
344 1536561153668 [13153681 |13153694 |12153706\13153719 13[53757|12153769|13 5 
845 |53782)12)53794 13[53807|13153820|1153832 (13153945 19]53882\13153895|13] 3 | 4 
346 |53908)12]53920|13[53933|12)53945|13(53958\12153970 1: 95|13154008)12154020\13]| 4) 5 
347 1540331154045 13/54058|1154070|13154083\12154005 13154133)12154145|13|| 5 | 6 
348 154158 )12154170/13/54183|1154195\13154208 1154290 13[54258]19154270h3| 6 | 7 
349 |54283 |19)54295|1154307|13154320(19154332\1a154945 19]54382\19154394h13 f a 
350 [54407 /12)54419/13/54432|1154444\1154456l19154469 19]54506|12154518\13| 9 | 11 


I idl 2) |d| 38 |dl 40) ha d| 8 |d| 9 |d 
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TABLE 32 


Logarithms of Numbers 
——— 


3500-4000 


No.| 0 |dj 1 |dj 2 |d/ 3 |d} 4 Jd} 5 Jal 6 Ja] 7 Jal 8 Jal 9 Jal} Prop. parts 


350 154407/12}54419/13]54432/12154444/12154456/13154469]|12)5448 1|13154494|12154506|12154518)13 
351 154531/12}54543 12)54555 13154568 /12}54580) 13154593 |12154605/|12154617/|13154630/12154642)12 
352 [54654 /13}54667|12}54679) 1215469 1|13154704|12154716|12154728/ 1315474 1/12154753) 12154765) 12 
353 [54777|13/54790/12}54802|12)548 1 4/13}54827|12154839|1215485 1|13)54864,12\54876|12]54888| 12 
354 154900)13/54913/12]54925|12}54937|12154949] 13154962) 12154974 |12154986|12154998)13/5501 1|12 


— 
i) 


| 


355 155023)12}55035|12)55047/13]55060|12155072| 12155084] 12155096) 12155 108/131551 211215513312 
356 155145)12}55157)/12155169/13155 182) 12155 194)12]55206/1215521 8112155230) 12155242/13155255\12 
357 |55267|12155279/12}5529 1|12155303)121553 15|13]55328|12155340/12155352|12155364/12155376)\12 
358 155388)12}55400) 13]55413/12}55425)12155437|12]55449/1215546 112155473) 12155485112155497\12 
359 155509)13]55522)12]55534/12]55546) 12155558) 12]55570/12155582| 1291555941 12155606112155618)12 


COIM TR CDI | 
NWOCWMOMPWH 


—Lipet 


360 |55630)12)55642)12]55654/12]55666) 12155678) 13/5569 1)12}55703|121557 15|12155727112155739)|12 
361 15575 1)12]/55763)12)55775/12}55787|12155799/1215581 1/12)55823)12155835|12155847|12155859) 12 
362 [5587 1)12/55883) 12155895 /12155907|12155919/12155931)/12)55943)12155955/|12155967|12]55979|12 
363 155991)12}56003}12]56015/12156027|11156038] 12156050) 12]56062|12156074!12156086|12]56098)12 
364 156110)12}56122)12}56134/12}56 146) 12]56158)12]56170/12}56182|12]56194111156205|12]56217|12 


—_ 
bo 


365 156229) 12}5624 1)12}56253|12156265|12]56277 | 12156289|12]56301|111563 1 2|12156324|12]56336)12 
366 |56348)|12}56360)12156372) 12156384 12156396 11156407|12]56419|1215643 1|12}56443|12156455)12 
367 |56467/11156478/12}56490/12}56502|12156514 12156526 /12156538)11156549/ 12156561) 12156573) 12 
368 |56585|12156597|11]56608/12]56620 12}56632) 1256644 12156656|11]/56667|12156679 1215669112 
369 |56703|11]567 14|12}56726|12]56738)12156750\11]5676 1 | 12}56773|12}56785|12156797 |11156808|12 


370 [56820}12]56832)12156844) 11156855) 12]56867|12]5687 9) 1215689 1|11/56902)12}56914/12156926)11 
371 |56937|12]56949)1215696 1/11156972) 12156984|12]56996]12157008)11]57019)]12157031|1215 7043) 11 
372 157054/12157066)12157078)1115 7089) 12157 101/12)57113)11)57 1 24/12]57136)12157148/11157159)12 
373 157171\12}57183)11157194)12]57206)11]57217\12)57229|12)5 724.1) 1115725 2/12157264|12/57276|11 
374 |57287|12}57299/11157310)12157322| 1215733411115 7345|12/5735 7/1115 7368 /12157380/12/57392|11 


oorocnmcsn + | 
FOONOOPRNH 


jt pt 


375 157403/12157415/11157426) 12157438) 11157449)1215 746 1|12)57473) 111574841215 74.96/11157507|12 
376 157519) 11]57530)12157542)11157553)|12157565|1115 7576) 1215 7588/1215 7600) 11|5761 1/12357623\11 
377 157634/12157646)11157657|12157669)1115 7680) 1215 7692/1115 7703) 121577 15)11157726/12157738)11 
378 |57749/12157761/11|57772/12157784\11157795)|12]57807|11157818)1215 7830) 115 784 1/1115 7852/12 
379 |57864111157875/12157887111157898)12157910)11)57921112)5 7933/1115 7944) 11157955) 12157967) 11 


—_ 
—_ 


380 157978]12]57990)11]58001)12]58013)11158024 111158035) 12158047|11]58058) 12]58070)11]5808 1/11 
381 158092\12158104)11158115/12}58127/11158138)11]58 149) 12}58161)11158172/12/58184/11]58195)11 
382 158206)12/58218)11158229]11158240) 12/58252/11158263)11158274|12158286) 11158297) 12158309) 11 
383 158320/11]5833 1/12158343/11]58354)11158365]12]/58377| 11158388) 11158399) 111584 10/12)/58422)11 
384 158433)11158444/12158456)11158467|11158478]121584.90)11]58501)11]585 1 2/12]58524/11]58535|11 


385 |58546|11158557|12158569|11]58580/11]58591|11158602/ 121586 14|11]58625|11]58636|11]58647 12 
386 |58659|11158670)|11158681|11]58692/12}58704| 111587 15/11]58726)11]58737 12158749 11158760/11 
387 |58771\11|58782) 12158794) 11158805) 111588 16|11158827|11158838/12}58850) 11,5886 1)11]58872|11 
388 |58883)|11]58894| 12158906) 111589 17) 11158928] 11158939|11]58950/ 1115896 1 12158973 |11]58984)11 
389 158995|11159006|11]5901 7|11[5 9028} 12159040) 1115905 1/11159062/11]59073)11]59084) 11]59095)\11 


CONDOM WNH | 
SCOONOPWHH 


—_ 


| 
| 


390 [59106)12159118]11159129/11159140}11159151/11159162)11]59173/11]59184/11]59195|12)}59207\11 
391 [59218|11]59229|11159240) 11159251 11159262] 11]59273)11]59284|11159295|11]59306 |12}59318)11 
392 |59329)11]5934.0|11]59351|11159362| 11159373) 11159384 11[59395/11[59406)111594 1 7|11)59428 11 
393 159439|11159450)111594611111594-72/ 11159483) 11159494] 12)59506|111595 17) 11159528)11]59539)\11 
394 159550)11159561|11159572) 11159583) 11159594 |11159605) 111596 16|11]59627 | 11159638 )11]59649)11 


395 159660]11]59671111159682111159693/11159704) 1115971 5/11]59726/11]59737|11159748/11]59759/11 
396 159770|10159780)11159791 | 11159802| 111598 13|11]59824 11159835) 11159846|11]59857|11]59868 11 
397 159879)11159890|1115990111]5991 2111159923] 11159934 |11159945|11159956 |10159966/11]59977)11 
398 |59988|11159999/ 111600101 11160021111160032 11160043}11]60054 {11160065 11/6007 6)10]60086|11 
399 160097/|11160108]111601 191160130} 11]60141\11]60152/11]60163)10/60173)11160184/11]60195)11 


SONG OR OOK | 
— 
CONOoorwnwr S 


400 |60206}11]60217/11]/60228} 11160239] 10]60249}11/60260) 11/6027 1|11]60282) 11160293) 11/60304| 10 


Noo utd la fa ld) Ss lal wild & ld 6 id] 7 Jd] & \d) 9 id 
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TABLE 32 


Logarithms of Numbers 


nS 


4000-4500 


SS ES ee 
dj 7 


No. 


0 


dj 1 


dj 2 


dj 3 


dj 4 


dj 5 


dj 6 


60206 
60314 
60423 
60531 
60638 


11/60217 
11160325 
10]60433 
10}60541 
11160649 


11160228 
11]60336 
11160444 
11160552 
11]60660 


11]60239 
11160347 
11160455 
11160563 
10}60670 


10]60249 
11]60358 
11/60466 
11]60574 
11/60681 


11]60260 
11]60369 
11160477 
10160584 
11]60692 


11]6027 1/11]60282 
11]60390 
11160498 
11160606 
10}60713 


10]60379 
10]60487 
11]60595 
11160703 


dj 8 


ding 


11]60293 
11/60401 
1160509 
11]60617 
1160724 


11]60304 
11160412 
11160520 
10] 60627 
1160735 


60746 
60853 
60959 
61066 
61172 


10}60756 
10}60863 
11160970 
1161077 
11161183 


11]60767 
11]60874 
11]60981 
10/61087 
11161194 


11]60778 
11]60885 
10}60991 
11161098 
10161204 


10160788 
10}60895 
11]61002 
11]61109 
1161215 


1160799 
11160906 
11/61013 
10161119 
10]61225 


11160810 
11/60917 
10]61023 
11]61130 
11161236 


11160821 
10]60927 
11161034 
10161140 
11161247 


10)60831 
11]60938 
11]61045 
1161151 
10]61257 


11]60842 
1160949 
10}61055 
11161162 
11]61268 


61278 
61384 
61490 
61595 
61700 


11]61289 
11/613895 
10161500 
11161606 
11461711 


11161300 
10]61405 
11/61511 
10}61616 
10161721 


10161310 
11/61416 
10}61521 
1161627 
10]61731 


11/61321 
10161426 
11161532 
10]61637 
11161742 


10/61331 
11]61437 
10)61542 
11/61648 
10/61752 


11161342 
11161448 
11161553 
10}61658 
11]61763 


10161352 
10161458 
10]61563 
11161669 
10161773 


11]61363 
11161469 
11161574 
10]61679 
11]61784 


11161374 
10161479 
10]61584 
11]61690 
10161794 


61805 
61909 
62014 
62118 
62221 


10161815 
11161920 
10]62024 
10162128 
11/62232 


11/61826 
10161930 
10]62034 
10162138 
10162242 


10}61836 
11]61941 
11/62045 
11}62149 
1062252 


11]61847 
10)61951 
10]62055 
10]62159 
11]62263 


10161857 
1161962 
11]62066 
11]62170 
10]62273 


11]61868 
10]/61972 
10]62076 
10]62180 
11]62284 


10)61878 
10]61982 
10]162086 
10]62190 
10}62294 


10]61888 
11161993 
11]62097 
1162201 
10162304 


11]61899 
10]62003 
10162107 
10362211 
11]62315 


62325 
62428 
62531 
62634 
62737 


10]62335 
11162439 
11162542 
10)62644 
1062747 


11]62346 
10}62449 
1062552 
11162655 
10)62757 


10]62356 
10]62459 
10]62562 
10162665 
10]62767 


10]62366 
10]62469 
10]62572 
10162675 
11162778 


11162377 
11]62480 
11]62583 
10162685 
10]62788 


10162387 
10162490 
10162593 
11]62696 
10162798 


10162397 
10]62500 
10]62603 
10]62706 
10]62808 


11162408 
1162511 
10]62613 
10]62716 
10}62818 


10162418 
10162521 
1162624 
10162726 
11]62829 


62839 
62941 
63043 
63144 
63246 


10]62849 
10}62951 
10163053 
11163155 
10163256 


10]62859 
10]62961 
10}63063 
10163165 
10163266 


11]62870 
11162972 
10}63073 
10]63175 
10]}63276 


10}62880 
10}62982 
10}63083 
10]63185 
10}63286 


10162890 
10162992 
11168094 
10163195 
10163296 


10162900 
10]63002 
10163104 
10]63205 
10}63306 


10]62910 
10]/63012 
10163114 
10]63215 
11163317 


11]62921 
10163022 
10)63124 
10])63225 
10]63327 


10162931 
11]63033 
10]63134 
11163236 
10]63337 


63347 
63448 
63548 
63649 
63749 


10]63357 
10163458 
10}63558 
10}638659 
10}63759 


10163367 
101638468 
10]63568 
10163669 
10163769 


10]63377 
10]63478 
11]638579 
10}63679 
10]63779 


10163387 
101638488 
10163589 
10}63689 
10}63789 


10]63397 
10}63498 
10]63599 
10}63699 
10)63799 


10]63407 
10/63508 
10]63609 
10]63709 
10]}63809 


10)63417 
10163518 
10/63619 
1063719 
10}63819 


11/63428 
10]63528 
10]63629 
10]63729 
10)63829 


10163438 
10]63538 
10}638639 
10163739 
10}63839 


63849 
63949 
64048 
64147 
64246 


10163859 
10163959 
10]64058 
10)64157 
10164256 


10]63869 
10163969 
10164068 
10]64167 
10164266 


10163879 
10163979 
10]64078 
10164177 
10}64276 


10/63889 

963988 
10}64088 
10]64187 
10]64286 


10}63899 
10]63998 
10164098 
10]64197 
10]64296 


10]63909 
10}64008 
10/64108 
10]64207 
10]64306 


10]63919 
10]64018 
10/64118 
10)64217 
10164316 


10163929 
10]64028 
10}64128 
10]64227 
10]64326 


10]63939 
10164038 
964137 
10)64237 
964335 


64345 
64444 
64542 
64640 
64738 


10164355 
10}64454 
10164552 
10]64650 
10]64748 


10)64865 
10164464 
10164562 
10164660 
10164758 


101643875 

964473 
10164572 
10]64670 
10/64768 


10]64385 
10}64483 
10}64582 
10]64.680 

964777 


10164395 
10164493 
964591 
9164689 
10]64787 


9164404 
10]64503 
10]64601 
10]64699 
10164797 


10)64414 
10]64513 
10]64611 
10]64709 
10]64807 


10]64424 
10]64523 
10164621 
10164719 

9164816 


10}64434 

9164532 
10}64631 
10]64729 
10]64826 


64836 
64933 


7 165031 


65128 
65225 


10164846 
10]64943 
9165040 
9165137 
965234 


10}164856 
10]64953 
10]65050 
10)65147 
10]65244. 


9164865 
10]64963 
10]65060 
10/65157 
10)65254 


10164875 
964972 
10}65070 
10]65167 
9165263 


10]64885 
10]64982 
965079 
965176 
10]65273 


10]64895 
10164992 
10}65089 
10]65186 
10]65283 


9164904 
10]65002 
10365099 
10]65196 

9165292 


10}64914 
965011 
965108 
9165205 

10165302 


10]64924 
10]65021 
10165118 
10}65215 
10}65312 


65321 


10}65331 


10165341 


9165350 


10]65360 


9165369 


10}65379 


10}65389 


9165398 


10]65408 


0 


cle 


dj 2 


dj 3 


dj 4 


dj 5 


dj 6 


d 


7 


dj 8 


dj 9 


Prop. parts 


SCONOOPWNH | 


— 
—" 


COONORWNFE 


_ 


_ 
i) 


| 


CONBSARWNH 


WONOoOF PWNrH | =) 
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TABLE 32 


Logarithms of Numbers 


SY 


4500-5000 


a 


No.| O /dj} 1 |d} 2 |d} 3 /|di 4 /|d| 5 Jd] 6 Id] 7 |dl 8 Jdl 9 |adlf Prop. parts 


450 165321|10}65331/10]65341| 9]65350)10}65360} 9/65369}10]65379|10]65389| 9|65398]10|65408|10 
451 |65418) 9165427/10]65437|10}65447) 9165456|10]65466| 9165475|10165485|10165495| 9165504110 10 
452 165514) 9165523)10]65533|10]65543) 9165552/10]65562) 916557 1|10]65581/10]65591| 9|65600)10 
453 165610) 9165619)10}65629|10]65639) 9165648/10]65658) 9|65667|10|65677| 9165686] 10|65696)10 
454 165706) 9165715)10]65725) 9165734)10165744| 9]65753/10]65763] 9]65772|10|65782!10|65792| 9 


455 |165801|10]65811) 9165820\10]65830) 9]65839}10]65849| 9]65858|10]65868| 9|65877|10/65887| 9 
456 |65896)10}65906)10]65916) 9]65925/10]65935| 9165944/10]65954| 9165963}10]65973) 9165982\10 
457 165992) 9}66001)10}66011) 9]66020/10]66030) 9166039}10]66049} 9]66058)10]/66068) 9166077 |10 
458 166087) 9]66096)10]66106} 9]66115) 9]66124|10]66134| 9166143/10]66153) 9166162|10}66172| 9 
459 |66181|10}66191) 9}66200/10}66210) 9166219]10]66229| 9]66238) 9]66247/10]66257| 9166266)10 


Conse enn | 
OONBDTP WHE 


460 166276) 91/66285)10}66295) 9/66304)10]66314| 9/66323) 9166332|10166342) 9/66351/10166361| 9 
461 |66370)10}/66380) 9/66389) 9]66398)10]66408) 9/66417|10]}66427| 9166436) 9/66445]10]66455] 9 
462 |66464)10}66474| 9166483) 9]66492)10]66502) 9/6651 1|10]66521| 9166530) 9/66539}10]66549| 9 
463 }66558) 9/66567)10]66577| 9]66586/10]66596| 9]66605) 9/66614)10]66624! 9]66633) 9]66642)10 
464 |66652) 9/66661)10}66671) 9]66680) 9]66689}10]66699) 9/66708) 9]66717/10]66727| 9166736] 9 


465 |66745|10]66755| 9166764 9166773)10166783) 9166792) 9166801|10}6681 1| 9166820) 9]66829]10 
466 |66839] 9166848) 9166857/10}66867| 9]66876)| 9/66885) 9]66894)10]66904| 9166913} 9/66922)10 
467 |66932) 9/66941) 9]66950)10]66960} 9]66969| 9]66978) 9]66987|10}66997| 9|67006| 9]67015|10 
468 |67025) 9/67034) 9]67043} 9]67052)10]67062| 9167071) 9]67080) 9]67089}10]67099| 9167108} 9 
469 ]67117|10]67127) 9167136) 9]67145) 9167154\10]67164) 9]67173) 9]67182) 9167191|10]67201) 9 


470 167210} 9167219) 9167228) 9]67237)10]67247| 9167256) 9167265) 916727 4/|10|67284| 9167293] 9 
471 167302) 9]67311|10]67321) 9]67330) 9]67339) 9]67348) 9167357|10]67367| 9|67376| 9167385] 9 
472 |67394| 9]/67403|10]67413) 9]67422) 9/67431) 9/67440| 9/67449|10]67459| 9/67468) 9167477] 9 
473 167486) 9167495) 9]67504)10]67514) 9)67523) 9167532) 9167541) 9167550)10]67560| 9167569} 9 
474 |67578) 9167587| 9167596) 9]67605) 9]67614)10]67624| 9/67633) 9167642) 9]67651| 9167660} 9 


475 |67669|10]67679| 9]67688) 9]67697| 9167706) 9167715) 9167724) 9167733) 9167742/10167752| 9 
476 |67761| 9167770} 9]67779| 9167788) 9167797) 9167806) 9]67815)10}67825| 9167834) 9167843} 9 
477 |67852)| 9167861] 9]67870| 9]67879| 9167888) 9/67897| 9167906)10]67916) 9167925) 9167934! 9 
478 |67943) 9167952) 9|67961) 9167970) 9167979) 9/67988] 9167997) 9168006) 9]68015} 9]68024/10 
479 |68034| 9]/68043} 9]68052) 9}68061) 9}68070) 9/68079] 9]68088) 968097] 9168106; 9168115} 9 
480 168124) 9]68133] 9168142) 9168151] 9168160) 9]68169) 9]68178) 9/68187| 9168196) 9]68205)10 
481 168215] 9]68224| 9168233] 9168242) 9168251) 9168260) 9168269) 9]68278) 9168287) 9/68296) 9 
482 168305) 9168314] 9168323) 9168332) 9]68341| 9]68350) 9168359} 9]68368) 9168377) 9168386) 9 
483 |68395| 9168404] 9168413) 9]68422) 9/68431| 9]68440| 9168449} 9/68458) 9168467) 9168476) 9 
484 |68485| 9168494! 8168502) 9/68511| 9]68520| 9]68529| 9168538) 9]68547) 9168556) 9168565) 9 


CONDO WHrH | 
ONOOF RWNH | =) 


485 |68574| 9168583] 9]68592) 9168601) 9]68610) 9]68619) 9]68628) 9168637) 9168646] 9168655] 9 
486 168664) 9168673) 8]68681)| 9]68690) 9/68699| 9]68708) 9]68717| 9]68726) 9168735) 9168744) 9 
487 168753) 9168762] 9]68771) 9]68780) 9|68789) 8168797] 9]68806| 9/68815) 9168824) 968833) 9 
488 |68842) 9168851] 9]68860} 9]68869| 9]68878) 8168886) 9]68895) 9168904) 9168913) 9}68922) 9 
489 |68931) 9168940] 9]68949| 968958] 8]68966| 9168975] 9]68984) 9]68993) 9169002) 969011) 9 


490 ]69020| 8}69028] 9169037) 9]69046 69055 969064] 9169073} 9169082) 8/69090| 9169099) 9 
491 |69108} 9169117] 9169126] 9169135} 9169144) 8/69152) 9169161] 9169170) 969179) 9169188) 9 
492 |69197| 8|69205| 9169214! 9/69223] 9]69232) 9169241) 8/69249) 9169258) 9169267) 9169276) 9 
9 
9 


oo 


493 169285] 9169294) s8169302| 9169311} 9]69320) 9169329} 9169338) 8|69346) 9169355) 9169364 
494 169373) 869381) 9169390) 9169399] 9169408] 9169417] 8169425) 9169434) 9169443) 9169452 
495 169461) 8169469] 9169478] 9|69487| 9169496] 8]69504| 9/69513) 9/69522) 969531) 8/69539) 9 
496 |69548| 9169557| 9/69566) 8169574 9169583] 9169592] 9169601) 3/69609| 9169618] 9169627) 9 
497 169636) 8169644] 9169653) 9|69662| 9169671] 8/69679| 9/69688) 9]69697) 8/69705) 969714) 9 
498 169723] 9169732] 8169740) 9169749] 9169758) 9/69767) 3|69775| 9169784) 9169793) s}69801) 9 
499 169810) 969819] 8]69827| 9169836] 9169845) 9/69854| 8169862) 9]69871) 9169880) 8169888) 9 


COND wWNHr | 
NOOoOPWNNr 


500 |69897) 969906] 3169914 9169923] 9169932) s|69940| 9169949] 969958) 8169966] 9169975) 9 


No |) Onl Gie Intidis Qaiidk 3. id 4, jd) 5. idl Gy |d) 7% [ad] 8, [dl 9 Id 
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TABLE 32 


Logarithms of Numbers 


5000-5500 


OCOONOOPWHe | 


OCONOouPWNrH | 


8173191 


9173272 
8173352 
8173432 
8173512 
8173592 


8173672 


COONOOPWNHe | 


NOOO WNHNH | oo 


ADOOBR PWN HE | Q 
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TABLE 32 


Logarithms of Numbers 


5500-6000 


Prop. parts 


TOF WNNHE | ie.2) 


Bs wen inaro Lien ba | 
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TABLE 32 


Logarithms of Numbers 


6000-6500 


Prop. parts 


NOOOBWNNH | ie.) 


CHONBMTPWHe | 
OOo PWN RE | \ 


OOP RWNNRHE | fr) 
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TABLE 32 


Logarithms of Numbers 


6500-7000 


Prop. parts 


OOP EWNRrH | bo) 


Smnaom ote | 
newer a 
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TABLE 32 


Logarithms of Numbers 


jy rl tigre 
7000-7500 


d 2 d 4 d 9 dj} Prop. parts 
684522 184535 184566! 6 A 
6184584 7184597 7184628) 6 

6|84646 684658 84689) 7) — | —— 
684708 6|84720 84751) of 2 | 1 
7184770 684782 84813) of 2 | 2 
684831 7184844 6[84874] 6 : rf 
6[84893 6[84905 84936) of 3 | 4 
6[84954 7184967 f84997| of 6 | 4 
7185016 6[85028 85058) 7] 2 | 8 
685077 6[85089 85120 off S| 6 
685138 6[85150 6[85181 


685199 6/85211 6185242 


6185260 6/85272 6|85303 
685321 6185333 685364 
6185382 685394 7185425 


6185443 6185455 6185485 
6]85503} 6 7185516 6185546 
6185564 6[85576 6185606 
785625 685637 6|85667 


Sona al aoa ac 


6/85685 685697 6185727 


6185745 6185757 7/85788) 6 

6185806 6|85818 6]85848) 6 6 

6185866 6|85878 6185908} 6] ——/—_ 

6185926 6185938 6]85968} ef] 1 1 

6185986 6]/85998 6186028) 6] 2 1 
3 2 

6186046 6186058 6|/86088) 6] 4 2 

6186106 6/86118 6186147) 6] 5 3 

6/86165 6|86177 6]86207) 6] 6 4 

6186225 6186237 6186267] 6] 7 4 

6186285 6186297 6186326) 6] 8 5 
9 5 

6186344 6|86356 6186386) 6 

6186404. 5186415 9} 686445! 6 

6186463 6186475] 6 5186504! 6 

6186522 6186534 6 6186564! 6 

5/86581 6186593 6]86623) 6 


6]86641 
6186700 
6186759 
5]86817 
6]86876 


6186652! 6 
686711 
686770) 6 
686829 
6]86888 


6]86682 
6|86741 
6/86800 
6186859 
6186917 


DotA HD 


6186935 6186947 6186976] 6 

6186994 6187005] 6 6]87035]| 5 5 
6187052 6]87064| 6 7| 6187093} 6 : 
687111 687122 [87151] | 4 |g 
6187169 6]87181 687210) of 5] 4 
6187227 6187239 6187268} 6 : 5 
6187286 6]87297| 6 6187326} of 5 | 95 
6187344 6187355 587384] of @ | 3 
6187402 5187413 587442 of 7 | 4 
6187460 5187471 5187500! 6 8 4 
687518 687529] 6 87558) | 2 | 4 


dj 2 Id 


dj 4 |d dj 9 |{d 


1371 


TABLE 32 


Logarithms of Numbers 


7500-8000 


dj 1 dj 4 


Prop. parts 


6)87512 6)87529 


590151 690168 
6]90206 5]90222 
5|90260 5190276 


6|87570 6|87587 6 
6|87628 6187645 ica ea 
6187685 6187703 1 1 
6187743 6187760 4 1 
— 2 
5187800 6|87818 4 2 
6187858 6187875 5 3 
5]87915 6|87933 6 4 
6187973 6|87990 ah a 
6|88030 6|88047 5 : 
6|88087 6]88104 
6/88144 5188161 
6188201 j 5]/88218 
6|88258 5]88275 
6/88315 6|88332 
6|88372 6]88389 
6|88429 6}/88446 
5188485 5]88502 
6]/88542 6188559 
5188598 5188615 
6)88655 6|88672 
6|88711 6|88728 
5188767 5188784 
6|88824 5)/88840 
6188880 6188897 
6]/88936 6]88953 
6]/88992 6}89009 
6189048 9} 5189064 
6189104 589120 
5189159 6|89176 
6/89215 6]89232 
6|89271 5]89287 
5189326 6189343 
6|89382 5189398 
5189437 6]89454 
5189492 5189509 
6]/89548 5189564 
6|/89603 6]89620 
5189658 | 6|89675 
5|89713 6189730 
5189768 6189785 
5189823 6]89840 5 
5|89878 5189894 — 
6]89933 5|89949 0 
6189988 6}90004 1 
2 
5190042 90059 2 
6}/90097 5}90113 2 
4 
4 
4 


OCOOMyNoorwhr | 


590314 


aa 
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TABLE 32 


Logarithms of Numbers 


SSS 


Prop. parts 

6 
1 1 
2 1 
3 2 
4 2 
5 3 
6 4 
a 4 
8 5 
9 5 

5 
1 0 
2 1 
3 2 
4 2 
5 2 
6 3 
7 4 
8 4 
9 aa 


No. 0 di 9F* i'd 
800 |90309 5190352) 6/90358) 5 
801 |90363 6190407} 5/90412) 5 
802 190417 6190461] 5]90466) 6 
803 |90472 6190515} 5|90520) 6 
804 190526 6190569) 5|90574| 6 
805 |90580 6190623) 5]90628) 6 
806 |90634 6190677] 5|90682) 5 
807 |90687 5]90730) 6/90736] 5 
808 |90741 5]90784] 5/90789] 6 
809 190795 6190838) 5/90843]) 6 
810 |90849 6190897] 5 
811 |90902 5190950) 6 
812 |90956 6191004! 5) 
813 |91009 5191057] 5 
814 [91062 5191110) 6 
815 ]91116 6191164! 5 
816 |91169 5191217] 5 
817 |91222 5191270) 5 
818 91275 5191323) 5 
819 [91328 5191376) 5 
820 191381 5191429} 5 
821 191434 5191482) 5 
822 191487 6191535] 5 
823 191540 5]91587] 6 
824 191593 5191640} 5 
825 191645 6/91693} 5 
826 191698 5191745) 6 
827 191751 5191798] 5 
828 191803 5191850} 5) 
829 191855 6191903) 5) 
830 {91908 5191955} 5 
831 /91960 5192007] 5 
832 192012 5192059] 6 
833 192065 5192111] 6 
834 192117 5192163! 6 
835 |92169 5192215] 6 
836 192221 5192267! 6 
837 |92273 5192319 5 
838 |92324 51923711 5 
839 [92376 5192423) 5 
840 192428] : 92 

841 |92480 eee salee 
842 192531 6192578) 5 
843 192583 5192629) 5 
844 192634 61926811 5 
845 192686 . vy 
846 |92737 eal 
847 |92788 51928341 6 
848 192840 5192886) 5 
849 192891 5192937] 5 
850 192942 5192988) 5 
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TABLE 32 


Logarithms of Numbers 


Lee EE  — ——————————————————————— aE 


8500-9000 


Prop. parts 


Corammcnr | 
OOP PRWNNRE | & 


OONODOUP WH | 
PP PONNNrO | i 


| 


DOONOoOrWNr | 
RWWNNNRRO | > 


1374 


St 
TABLE 32 


Logarithms of Numbers 


——————— eee 


d Prop. parts 
5195468) 4 
595516) 5 z 
5195564 ‘ rain 
P| 8 aes 
31| 2 
| 4 |. 2 
Hee Ie) 
| 6 | 3 
eet) | oad 
i] 8 | 4 
9| 4 
Si. 
4 
5 
5 
5 
5 
5 
4 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4 
§ 
5 
4 
5 
4 
5 
5 
4 
5 
5 
| ae es | 
5 
: 4 
4 
1 to 
any ey 
3) 2 
AW G9 
7 5] 2 
5} 6 | 2 
Sa] eas 
eS Fees 
la? dine” 
d 
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TABLE 32 


Logarithms of Numbers 
ee 


9500-10000 


dl dj 3 dj 5 /dl 6 d| 8 Prop. parts 

97772] 5197777 4197786 4197795) 5|97800, 4197804] 5197809] 4197813 
97818) 5197823 5197832 5197841] 4]97845| 5]97850] 5|97855| 4]97859 
97864| 4197868 4197877 4197886] 5]97891| 5]97896] 497900} 5/97905 
97909] 5197914 5197923 4197932) 5|97937) 4197941] 5197946] 4197950 
97955) 4197959 4197968 5197978] 497982] 5197987) 4197991] 5197996 


98000} 5}98005} 4) 5/98014 4198023) 5198028) 4198032) 5|98037| 4]98041 
98046} 4198050 4198059 4198068) 5/98073) 5]98078) 4]98082) 5]98087 
98091) 5}98096 5]98105 5]98114| 4)98118) 5198123) 4]98127) 5/98132 
98137) 4{98141 4198150 4]98159) 5]98164| 4]98168) 5198173) 4198177 
98182) 4498186 4198195 4198204) 598209] 5]98214| 4]98218) 5]98223 


(© CONIC? OH CO DO | 
PPE EWONNNRHO | OU 


98227) 5198232 5]98241 5198250) 4498254) 5198259} 4]98263) 598268 
98272) 5|98277 5198286 598295) 4198299] 5198304) 498308) 5198313 
98318) 4]98322 4198331 4198340) 5]98345) 4198349) 5}98354| 4]98358 
98363) 4198367 4198376 4198385) 5]98390| 4198394) 5/98399] 4198403 
98408) 4]98412 4198421 4198430) 5]98435} 4198439) 5/98444) 4198448 


98453) 4498457 4198466) 5]5 4198475) 5]98480| 4198484) 5/98489| 4198493 
98498) 4198502 4498511 4198520) 5]98525} 4198529) 5/98534| 4198538 
98543) 4198547 4198556 4]98565) 5]98570| 4198574) 5/98579] 4198583 
98588) 4/98592 4]98601 5198610) 4198614] 5}98619] 4198623) 5/98628 
98632) 5|98637 5198646 5]98655| 4198659) 5]98664) 4198668) 598673 
98677) 5}98682 5}98691 5198700) 4198704| 5]98709) 4198713) 4198717 
98722) 4198726 4498735 4198744) 5)98749] 4198753) 5198758) 4198762 
98767) 4,98771 4198780 598789] 4198793) 5|98798] 4198802) 598807 
98811] 5]98816 5/98825 5198834) 4198838] 5]98843) 4]98847| 4]98851 
98856) 4498860 4198869 4198878) 5/98883) 4198887] 5]98892) 4/98896 


98900} 5]98905 5}98914 5]98923) 4198927) 5]98932) 4198936) 5]98941 
98945) 4/98949 4198958 4198967) 5]98972) 4198976) 5]98981) 4]98985 
98989} 5j98994 5199003 5]99012) 4199016) 5]99021) 4199025) 4]99029 
99034| 4199038 4199047 4]99056| 599061) 4199065) 4199069) 5}99074 
99078) 5199083 5]99092 4]99100} 5]99105} 4]99109} 5]99114) 4199118 


99123) 4199127 5]99136) 4]¢ 5]99145] 4199149} 5]99154) 4/99158) 4)99162 
99167| 4499171 4199180 4199189} 4199193} 5199198) 4199202) 5}99207 
99211) 599216 4199224 4199233) 5199238) 4199242) 5199247) 4]99251 
99255) 5199260 5|99269 4199277) 5]99282) 4499286] 5]99291) 4]99295 
99300} 4/99304 5199313 599322) 4199326) 4]99330} 5}99335) 4/99339 


99344) 4199348 599357 599366) 4199370] 4199374) 5]99379) 4199383 
99388} 4]99392 5]99401 5]99410) 4199414) 5199419) 4199423) 4|99427 
99432) 4199436 4499445 9| 5199454) 4199458) 5199463) 4]99467| 4199471 
99476) 4199480 5]99489 5199498) 4199502) 4199506} 5]99511) 4199515 
99520) 4499524 5199533 5]99542) 4199546} 4]99550| 5]99555) 4199559 


99564) 4199568 5}99577 4199585) 5199590) 4199594) 5199599) 4199603 
99607) 5}99612 ¢ 5199621 4]99629| 5]99634| 4199638} 4]99642) 5}99647 
99651) 5199656 4199664) § 4199673) 4]99677| 5]99682) 4]99686| 5}99691 
99695) 4)99699 499708 5]99717| 4199721) 599726} 4]99730) 4199734 
99739} 4199743 5]99752 4199760) 599765) 4199769) 5/99774| 4199778 


cs 


99782) 599787 4199795 4199804! 4]99808) 5/99813) 499817) 599822 
99826} 4199830 4199839 8199848) 4199852) 4199856) 5]99861) 4199865 
99870) 4]99874 5199883 4199891) 5]99896) 4/99900) 4199904 5199909 
99913} 4)99917 4199926 5199935) 4199939) 5199944) 4199948) 4199952 
99957) 4199961 5199970 74] 4199978) 5]99983) 4199987] 4199991) 599996 


RPWWNNNRRO 


00000 s00004 4]00013 5]00022) 4{00026) 4/00030) 5}00035) 4)00039 
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TABLE 33 


Logarithms of Trigonometric Functions 


S 
° 
v 


cos 


. 00000 
. 00000 
. 00000 
. 00000 
. 00000 


. 00000 
. 00000 
. 00000 
. 00000 
. 00000 


. 00000 
. 00000 
. 00000 
. 00000 
. 00000 


. 00000 
. 00000 
; 99999 
- 99999 
_ WER 


OI999 
BSE 
799999 
» ERE 
. 99999 


. 99999 
99999 
a BES, 
5 UEERE) 
. 99998 


. 99998 
. 99998 
. 99998 
. 99998 
. 99998 


. 99998 
. 99998 
. 99997 
- 99997 
. 99997 


| 99997 
. 99997 
. 99997 
. 99997 
. 99996 


. 99996 
. 99996 
. 99996 
. 99996 
. 99996 


. 99995 
. 99995 
. 99995 
. 99995 
. 99995 


. 99994 
. 99994 
. 99994 

99994 
. 99994 
. 99993 


foo) foe} 

. 46373 . 538627 
. 76476 . 23524 
. 94085 . 05915 
. 06579 . 93421 


. 16270 . 83730 
. 24188 . 75812 
. 80882 . 69118 
. 86682 . 63318 
. 41797 . 58203 


. 46373 . 938627 
. 60512 = . 49488 
. 64291 . 45709 
. 57767 . 42233 
. 60986 . 89014 


. 63982 . 36018 
. 66785 . 83215 
. 69418 . 80582 
. 71900 . 28100 
. 74248 . 25752 
. 76476 . 23524 
. 78595 . 21405 
. 80615 . 19385 
. 82546 . 17454 
. 84394 . 15606 


. 86167 . 13833 
. 87871 . 12129 
. 89510 . 10490 
. 91089 . 08911 
. 92613 : 07387 


. 94086 . 05914 
. 95510 . 04490 
. 96889 . 03111 
. 98225 . 01775 
. 99522 . 00478 


00781 - 99219 
. 02004 . 97996 
03194 : - 96806 
. 04353 95647 
05481 94519 


. 06581 . 93419 
. 07653 . 92347 
. 08700 . 91300 
. 09722 . 90278 
. 10720 . 89280 


. 11696 . 88304 
. 12651 é . 87349 
. 13585 . 86415 
. 14500 . 85500 
. 15395 . 84605 
. 16273 . 83727 
. 17133 . 82867 
pO T6 . 82024 
. 18804 . 81196 
. 19616 . 80384 


. 20413 . 19587 
. 21195 . 78805 
. 21964 4 . 78036 
. 22720 . 77280 
. 23462 . 76538 
. 24192 . 75808 


CWI SEA Romeo} © 


PloHnwmnwraoaradMdsc 


cot : tan : sin 


t 
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Y=) 
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TABLE 33 


Logarithms of Trigonometric Functions 


tan 


| « = 
oO 
v 


. 24186 : . 24192 i . 00007 
. 24903 : . 24910 : . 00007 
. 25609 . . 25616 2 . 00007 
. 26304 F . 26312 : . 00007 
. 26988 : . 26996 : . 00008 


. 27661 : . 27669 ; . 00008 
. 28324 : . 28332 ; . 00008 
Pcdeh AC : . 28986 ; . 00008 
. 29621 i { . 29629 : . 00008 
. 80255 : . 30263 ; . 00009 


. 30879 : . 30888 : . 00009 
. 31495 : . 31505 3 . 00009 
. 82103 . . 82112 : . 00010 
. 832702 : . 32711 ; . 00010 
. 33292 ; . 33302 : . 00010 


. 33875 ; . 33886 ’ . 00010 
. 34450 ; . 34461 : . 00011 
. 85018 3 . 35029 : . 00011 
. 35578 3 . 85590 ; . 00011 
. 86131 : . 36143 F . 00011 


36678 - 36689 - ON012 
| 37217 ‘ : 37229 : ‘00012 
37750 "37762 "00012 
: 38276 ‘ " 38289 "00013 
: 38796 " 38809 "00013 


. 39310 ; . 89323 . 00013 
. 89818 ; . 89832 ; . 00014 
. 40320 : . 40334 : . 00014 
. 40816 c ; . 40830 | | : . 00014 
. 41307 ; . 41321 ; . 00015 


. 41792 : . 41807 3 . 00015 
. 42272 ; . 42287 : , . 00015 
. 42746 : . 42762 : . 00016 
. 43216 ‘ . 43232 : . 00016 
. 43680 : . 43696 3 . 00016 


. 44139 ‘ . 44156 ‘ . 00017 
. 44594 : . 44611 ; . 00017 
. 45044 ; . 45061 : . 00017 
. 45489 ‘ . 45507 : . 00018 
. 45930 F . 45948 ; . 00018 


. 46366 ; . 46385 : . 00018 
. 46799 F . 46817 ; . 00019 
. 47226 : ~ 47245 | | i . 00019 
. 47650 5 . 47669 3 . 00019 
. 48089 F . 00020 


. 48505 : . 00020 
. 48917 , . 00021 
. 49325 : . 00021 
. 49729 : . 00021 
. 50130 : . 00022 


. 50527 ; . 00022 
. 50920 ; . 00023 
. 51310 2 . 00023 
. 51696 ‘ . 00023 
. 52079 ; . 00024 


. 52459 5 . 00024 
. 52835 . . 00025 
. 53208 : . 00025 
. 538578 : . 00026 
. 53945 : . 00026 
. 54308 5 . 00026 


CD CONIM OV BONE © 


SCOrOF OFOCOF SOK OOF OFOOF OOF OCO KF OOrFO OFOCOF OCOOCOrFCO KF OOOF COOCrFO OFOOCSo OFOoe 
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TABLE 33 
Logarithms of Trigonometric Functions 
PP Pe ee ee Pee 
csc tan ant cot sec a cos «177° 

¥ 
45718 | 8.54308 | 54, |11. 45692 |10. 00026 | , | 9.99974] 60 
45358 | . 54669 | 30° 45331 | .00027/ 6 | .99973| 59 
45001 | . 55027 | 328 44973 | .00027| 7 | :99973| 58 
44646 | . 55382 | 335 44618 | .00028 | 5 | .99972| 57 
44295 |. 55734 | 35? 44266 | _.00028 | 9 | 199972] 56 
43946 | 8. 56083 | 546 |11. 43917 |10. 00029 | 4 | 9.99971 | 55 
43600 | . 56429 | 349 43571 | .00029| 9 | .99971 | 54 
43257 | | 56773 | 44 43227 | .00030 | 4 | . 99970] 53 
42916 | 57114 | 33! 42886 | .00030/ 9 | | 99970] 52 
42579 |_. 57452 | 338 42548 | 00031 | 4 | . 99969] 51 
42243 | 8.57788 | 555 |I1. 42212 |10. 00031 | , | 9.99969 | 50 
41911 | . 58121 | 335 | . 41879 | :00032| 4 | ‘99968 | 49 
41581 | . 58451 | 330 41549 | .00032| ° | ‘99968| 48 
41253 | . 58779 | 328 41221] .00033 | 5 | .99967| 47 
40928 |. 59105 | 328 40895 | _..00033 | 8 | ‘99967 | 46 
40605 | 8.59428 | 55, |11. 40572 |10. 00033 | , | 9.99967 | 45 
40285 | . 59749 | 314 | . 40251 | :00034| 1 | ‘99966 | 44 
39967 | . 60068 | 319 39932 | .00034/ 9 | 99966] 43 
39651 | . 60384 | 316 39616 | .00035 | {| | .99965| 42 
39338 |_| 60698 | 314 39302 | 00036 | 4 | .99964] 41 
39027 | 8. 61009 11. 38991 |10. 00036 9.99964 | 40 
38718 | . 61319 ae 38681 | . 00037 Fi “99963 | 39 
38411 | . 61626 | 307 38374 | .00037| 9 | ‘99963 } 38 
38106 | . 61931 | 305 38069 | .00038 | 4 | .99962| 37 
oe ngns4 Ieee 37766 | _.00038 | ° | | 99962 | 36 
503 | 8. 62535 11. 37465 |10. 00039 9.99961 | 35 
37205 | . 62834 aoe . 37166 | .00039 | 9 | ‘go961 | 34 
36909 | . 63131 | 297 36869 | .00040| 5 | . 99960] 33 
36615 | . 63426 | 395 36574 | .00040| ° | ‘99960 | 32 
a1 M63718 laa 36282 | 00041 | 6 | . 99959] 31 
36032 | 8. 64009 11. 35991 |10. 00041 9.99959 | 30 
; /35744 | | 64298 ae 35702 | . 00042 i 99958 | 29 
; . 35457 |. 64585 | 527 | 35415 | .00042| 9 | 99958] 98 
35173 | . 64870 | 527 | 35130] 00043} 1 | | 99957] 27 
ee 65154 | oer |. 34846 | . 00044 | f | | 99956] 26 
34609 | 8. 65435 11. 34565 |10. 00044 9.99956 | 25 
34330 |. 65715 on 34285 | . 00045 : (99955 | 24 
. 34053 | . 65993 | 57% | ©34007| .00045| 9 | | 99955 | 23 
. 83777 |. 66269 | 57 | . 33731 | .00046 | 1 | | 99954] 22 
2 . 66543 | 5/5 |_. 33457] .00046 | 9 | | 99954] 21 
8. 66816 11. 33184 |10. 00047 9.99953 | 20 
32961 | . 67087 ait 32913 | . 00048 i /99952 | 19 
- 32692 |. 67356 | 552 | . 32644] ‘00048 | 9 | | o9052| 18 
- 32425 |. 67624 | 386 | .32376| 00049] ) | ‘99951 | 17 
5 ae . 67890 | 564 |_.32110} .00049| 9 | | 99951] 16 
5 ; 8. 68154 11. 31846 |10. 00050 9.99950 | 15 
31633 | . 68417 oa 31583 | . 00051 ; /99949 | 14 
. 31373 |. 68678 | 364 | .31322| ‘00051 | 9 | ‘ 99049] 13 
5 81114 |. 68938 | 558 | . 31062] .00052| 5 | 99048] 12 
0856 | . 69196 | 52> | . 30804] .00052| 9 | ‘90948] 11 
30600 | 8. 69453 | 5-5 |11. 30547 |10. 00053 | , | 9.99947 | 10 
” - 30346 |. 69708 | 927 | . 30292] .00054| 5 | 99046] 9 
- 30093 |. 69962 | 525 | | 30038 | | 00054 /99946 | 8 

29841 | | 70214 ! 
20841 41 55; | - 29786] .00055| } | ‘99045| 7 
70465 | 549 |_. 29535 | .00056 | | | .99944| 6 
. 20342 | 8.70714 | 545 |11. 29286 |10. 00056 | , | 9.99944] 5 
: - 29095 |. 70962 | 24 29038 | . 00057 /99943 | 4 

28849 | | 71208 6 28792 | .o0058 | 1 
ie 28605 | . 71453 | 245 | ° O8 li gonenct lt 
: 544 | - 28547] .00058| 9 | ‘o9942| 2 
’ - 28362 | 71697 | 543 | . 28303] 00059) } | ‘ 99941 1 
: . 28120 | 8.71940 | 748 |11. 28060 |10. 00060 9. 99940 0 

sec cot ie tan esc Diff. sin egi7e 
sss et 


TABLE 33 


Logarithms of Trigonometric Functions 


csc tan ee cot sec a cos -176° 
y 
11. 28120 | 8.71940 | 94, |11. 28060 |10. 00060 | 4 | 9.99940} 60 
27380 | 72181 | 241 27819 | 00060 | 9 | . 99940 | 59 
27641 | : 72420 | 23° 27580 | .00061 | 1 | ‘99939 | 58 
27403 | | 72659 | 239 27341 | 00062 | 1 | ‘99938 | 57 
27166 | | 72896 | 237 27104 | : 00062 | 9 | ‘99938 | 56 
11. 26931 | 8.73132 | 55, |11. 26868 |i0. 00063 | , | 9.99937 | 55 
26697 | . 73366 | 234 26634 | 00064 | 5 | .99936} 54 
26465 | | 73600 | 234 26400 | .00064 | ° | | 99936 | 53 
26233 | | 73832 | 232 26168 | .00065 | + | | 99935 | 52 
26003 |. 74063 | 231 25937 | 00066 | 4 | . 99934] 51 
11. 25774 | 8. 74292 | 559 |11. 25708 |10. 00066 | , | 9.99934 | 50 
25546 | . 74521 | 222 25479 | .00067 | + | . 99933 | 49 
25320 | . 74748 | 227 25252 | .00068| 4 | : 99932] 48 
25004 | | 74974 | 226 25026 | .00068 | ° | | 99932] 47 
24870 | . 75199 | 22° 24801 | . 00069 + | ‘99931 | 46 
11. 24647 | 8.75423 | o55 |11. 24577 |10. 00070 | , | 9.99930 | 45 
24425 | . 75645 24355 | .00071 | 4 | .99020] 44 
24205 | | 75867 | 222 24133 | .00071 | 9 | . 99929] 43 
23985 | | 76087 | 222 23013 | .00072 | 1 | ‘99928 | 42 
23766 | . 76306 | 212 23694 | 00073 | } | \99997| 41 
11. 23549 | 8.76525 7 {11 23475 |10. 00074 | 4 | 9.99926 | 40 
23333 | .76742 | 2! 23258 | .00074 | 9 | .99926 | 39 
23117 | | 76958 | 226 23042 | .00075 | } | : 99925] 38 
22903 | |77173 | 245 22827 | .00076 | | | .99924| 37 
22690 | | 77387] 313 22613 | 00077 | 4 |_..99923 | 36 
11, 22478 | 8.77600 | 5,1 |11. 22400 70. 00077 | , | 9.99923 | 35 
22967 | | 77811 22189 | :00078| } | .99922| 34 
22057 | _ 73022 | 221 21978 | 00079 | | | . 99921] 33 
21848 | | 78232 | 210 21768 | .00080| 4 | . 99920] 32 
21640 | | 78441 | 302 21559 | .00080 | 9 | . 99920] 31 
11. 21351 |10. 00081 9.99919 |_30 
~ ties a fe 206 21145 | .00082 | | | .99918] 29 
21021} _ 79061 | 226 20939 | :00083 | 4 | . 99917] 28 
20817 | . 79266 | 20° 20734 | .00083 | 9 | : 99917] 27 
20614 | | 79470 ae 20530 | .00084 | | | .99916| 26 
20327 110. 00085 9.99915 | 25 
z soap aeons 1 aE ce seni all 4200086 1 | 199914] 24 
20010 | _ 80076 | 201 19924 | .00087| 4 | . 99913 | 23 
19811 | . 30277 | 704 19723 | 00087 | ° | ‘99913 | 22 
19612 | | 80476 | jos 19524 | :00088 | } | .99912| 21 
I ; 10. 00089 9.99911 | 20 
a oe “ ene TE pmekbe tis | preateth 1 | “99910 | 19 
19022 | | s1068 | 126 18932 | .00091 | 4 | . 99909] 18 
18827 | | 81264 | 196 18736 | . 00091 | 9 | ‘99909 | 17 
18633 | 81459 | 129 18541 | .00092 | } | . 99908 ig 

10. 00093 9. 99907 
ae mele ete ael| ue Av ee eel 1 | “S 99906 | 14 
18056 | _ 82038 | 192 17962 | :00095 | j | .99905| 13 
17866 | . 82230 | 192 17770 | .00096 | 4 | 99904] 12 
17676 |_. 82420 | 122 | .17580 | 00096 | } |_.99904 | _11 
11. 17487 | 8.82610 | ,2, |11. 17390 |10. 00097 | , | 9.99903 | 10 
17299 | . 82799 | 189 17201 | -00098 | + | . 99902] 9 
17112 | _ 82987 | 188 17013 | . 00099 | + | . 99901] 8 
16925 | _ 33175 | 188 16825 | .00100 | | | .99900] 7 
16739 | . 83361 | Toe 16639 | . 00101 | | | .99899| 6 
54 | 8, 83547 11. 16453 |10. 00102 9.99898 | 5 
“16370 | 83732 | 185 | ‘16268 | .oo102 | ° | gogos | 4 
; 998 
16187 | | 83916 | j34 16084 | 00103 | ; | . 99897) 3 
16004 | | 84100 | jo 15900 | : 00104 | j | - 99896] 2 
"15823 | | 84282 /15718 | .00105 | | | . 998 

i 13642 | 8.84464 | 182 [11 15536 10. 00106 |! | 9. 99894 t 

Diff tan esc DR: sin <86° 
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t 
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° 


sorte TABLE 33 
ogarithms of Trigonometric Functions 
ns ae Diff. 
4 sin 1’ csc tan Diff t Diff 
/ 
1 ae sec V | cos «175° 
0 | 8 84358 1 ; 
oni 131 [1l- 15642 | 8. 84464 
1 | . 84539 | 179 | 15461) . 81646 1321 \iaiee etcnio7 9. oasos | 6 
3 | veer | 173 | 15282 |. 84826 eo a “eee || i | .99893 4 
ap Veseso7s, | 1108 Vee eee 5 "99801 
|. 85075 Sizons| |eseies:| Sheed lamers sleet petos i 57 
aioe | 85 14815 O°] | seoset Lee 
sale v77_ [ll 14748 | 8. 8536 18 ee ze 
g [ibis |e oka aba | arr Fe Pe gue | 2 | a 
7 | 85605 | 178 | ae lad 111 99889 | 5 
8 | - 85780) 175 | - 14220 | . 85803 74 | . 14283 | cooui2 | } |< ones | 33 
. 14045 176 | - 14107 | .00113 | 7 | - 7| 32 
ULE Te “e069 | 17 renee 1 | .99887] 52 
jee li becan hte? teas ieee lbs sote| | ecesceeto en 
in | soao1 | 18." 13600 | © seat? 174 [11 13757 [10. 00115 9. 99885 
12 | . 86474 | 171 | - 18526 |. 86591 174 | - 13583] .00116 | 1 | . 99884 9 
Tel oe tee 172 | - 13409 | 00117 | 7 | .99 48 
“18855 172 |ebsrellamiogtie, | Gel | 883 | 48 
15 | 8.80087 | 271 one 1208 o| 1 | coogsi | 46 
alg igo [11 13013 | 8 87106 | |4, [IL | -boIa5 : 
Oe eae ee “mae 
gh 69 | - 8744 pias 
eee eee ee 
20 | 8.87829 | 168 az . 87785 / 1221 Mis abe oscicg 0 i 
ale seg (tL 12171 | 8 87953 | (°° TL ay loo ae 
oye Eis | eS eee ee faui00) | oT leeerieselteeioo oe 1/9 00876 10 
22 | ‘saioi | 18° |< iisso |” aszay ier | - 11880\| 001257) <4 - 99876 | 40 
ty icepeel NIC a lie cnet bo Sa 166 | - 11713] .00126 | 7 | 39874 38 
25 eaesa7| 1S4 |a tisiollelieceia | > lteerie ea lamer oe 1 |‘ g9sv3 | 37 
25 | 8054 | jg5 IT. 11346 | 8 sa7s3 a = sees 00128 | } | . 99872 36 
a7 | | 163 | - 11183 | . 88048 | 7g3 | “00130 
ered eee ice pat ed |) soriel| (168 |\iieepeee tmeree ee 99870 | 34 
28 | 89142 | ie | . 10858 | - 80274 | 183 | iosso | ‘00131 | } | ‘oos60 | 33 
30 soueen| LOO lay 10696 | . 89437 | 163 | ° 10726 00132 | | "99868 39 
30 | 8 89464 | 161/11. 10536 | 8. 89598 161 |_- 10568 | 00188 | | __ 99867 31 
81 |. 89625 | 59 | . 10375 |. 89760 | i66 phere [pr ne 9. 99 ' 
82 | . 80784 | 135 | . 10216 | - 80920 | 18) | 10240 |. 00135 | 1 | “99865 | 20 
83 | . 89943 | 135 | 10057 | ‘90080 | 16) | 1080 | ‘00136 | } | ‘oos6s | 28 
35 1890200 | 28 |i, 09898 | .90240 | 160 | - e760 00137 | 7 | 99803 27 
32 | 890260 | 157 |11. 09740 | 8. 90399 i59 | 00780) /FEOO198) | ape eee 26 
36 | . 90417 | y57 | 09583 | 90557 | 128 TORR Pci, | el ee 25 
37 | ‘90574 | 15% | ‘oo426 | ‘ooris igg | -09443 | . 00140 | + | 99861 | 25 
age (E tosns |) (iS lmmccc cinta ee 157 | 00285 | oi) 5 | 9859 | 23 
40 | 891040 | 12° liz Go1isi | eGtotase (| ioe lates alee 1 | *Go8sg | 93 
40 | 8 91040 | 155 |11. 08960 | 8 91185 136 | -ose71 | coos | {| ‘oose7 | 21 
42 -91349 | 154 08805 | .91340 | 155 11. 08815 |10. 00144 : 9.9 2 
tet | Laoneos, | 158 |e cece a nes 155 | - 08660] .00145 | 7 | 99835 | 19 
mt bb eotecs | osteo lee 155 | - 08505 | 00148) 7 | 9ga4 | 18 
rea ee ee 153 | -98850 | .00147 | 7 | 99853 | 17 
ag | & 21807 | 159/11. 08198 [8.91957 154 |_- 08107 | 00148 | | 99852 | 16 
471 Wi teoino, | 121 lage ile 153 |11. 08043 110. 00149 Ma te 
gee th here el abt ce ae 132 | -07890| .00150| 3 | - cole 
a3 | | 1922611 | brs ||O 07780109 92414)| 624 te 07738 | ‘00152 | 2 | ‘goss | 13 
so Reeee| 150 (- O7b80 | “eases 151 | -97586 | 00153 | 7 | post? | 12 
50 FR 2561) 14 [TL orsa0 | & g27I6 fey | (eOTase Pe regis4)| Gc. 99847 | 12 
ao |b topesy | MO Nmmereo ila oe 150 |! 07284 |10. 00155 | | 9, i0 
62 ||. 92869 | yag | O7141| | 93016 | 420.) 7134 |. 00136 | } |”. gosas | "9 
oe | 23007 | jaz | - 06993 | . 93165 149 | - 96984} . 00157 | | o9si3 | § 
soc eaeeeae| 147 jf oeees |S esss tag | 06885] ‘00158 | } | ‘eos ] 7 
55 [8 93801 | 147 |I1. 06609 [8 03462 | 347 oes? | <omi59 | | | ‘onset | 6 
57 | “onson | 146 | - 96552 | . 93609 07 Lee ee 60 1-9-9084 : 
mS il Boavag | 1146 Meee tae oases! Hae linge Ieee Bt) reoeea Le 
oe Lt cece | a5 [062601 | Oeo3003 | 027 ae oozai | 00162) } | loosss | 3 
38 | 4g 23885 | 145 |, 08115 | o40g9 | 148 [a 06097 | ‘00163 | 1 | <oos37 | 2 
nes ee 11. 05805 |10. 00166 | 2 | 9. so I 
i sec Diff — : 
| cot 
1’ tan esc Diff. ° t 
iW sin 
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5°> sin an csc tan eo cot sec cine cos -174° 
¥ v 
0 | 8.94030 | j44 |11. 05970 | 8.94195 | 145 /11. 05805 |10. 00166 | , | 9.99834 | 60 
1 | .94174| 143 | . 05826 | 94340 | 172 | 105660] . 00167 | + | ‘99833 | 59 
2 | .94317 | 744 | .05683 | .94485 | 142 | .05515| ‘oo16s| | | | 99832 | 58 
3 | .94461 | 345 | . 05539 | .94630 | 143 | .05370] ‘00169 | | | ‘99831 | 57 
4 |_.94603 | 743 |_.05397 | _. 94773 | 143 |_.05227 | ‘00170 | | | | 99830 | 56 
5 | 8.94746 | 44) [1105254 | 8.94917 | 145 |i1. 05083 |10. 00171 | , | 9.99829 | 55 
6 | .94887 | j49 | -05113 | .95060| 745 | .04940| .00172| 1 |< o98o8| 54 
7 | .95020 |) 345 | .04971 | . 95202] 145 | .04798| |00173 | 4 | ‘99827 | 53 
8 | .95170] 449 | .04830] . 95344) 175 | .04656 | |00175| 2 | . 99825 | 52 
9 | .95310 | 749 |_-04690 | - 95486 | 147 |_.04514| 00176 | 1 | ‘99824 ] 51 
10 | 8.95450 | 139 |11. 04550 [8 95627 | j49 |11. 04373 10. 00177 | ; | 9.99823 | 50 
11 | . 95589 | 339 | .04411 | . 95767 | 14° | .04233| .00178| | | 99822] 49 
12 | .95728| 139 | .04272| .95908 | 134 | .04092| ‘oo179| 1 | ‘oosei| 48 
13 | .95867| 133 | .04133 | . 96047 | 130 | - 03953} |00180| } | ‘99820 | 47 
14 | _.96005 | 13g |_.03995 |_. 96187 | 139 |_.03813] 00181 | 4 | ‘99819 | 46 
15 | 8.96143 | 137 |11. 03857 | 8. 96325 | 139 |11. 03675 |10. 00183 | 5 | 9.99817 | 45 
16 | .96280| 334 | .03720| . 96464 | j3? | .03536 | 00184 | | | . 99816 | 44 
17 | .96417 | 136 | .03583 | . 96602) 138 | ‘03398 | ‘00185 | } | : 99815 | 43 
18 | .96553 | 13g | . 03447 | .96739 | 13% | °03261] ‘oo186 | } | \99814| 42 
19 | .96689 | 135 |_.03311 |_. 96877 | 138 |_.03123 | ‘00187 | } |. 99813 z 
00188 9. 99812 
a1 | ~ 96960 | 135 |'" oso40 | oriso | 137 |" bossa | ooroo 2) 199810 | 39 
22 | ‘97095 | 12° | ‘02905 | (97285 | 135 | (02715 | | oo191 ‘99809 | 38 
23 | | 97229 fee -eso2z71 | 197421 138 | .02579 | :00192 | | | :99808} 37 
24 | .97363 | 133 | .02637| .97556 | }32 | 02444 | (00193 | j ae - 
7 02309 |i0. 00194 
i tees | ie pereae rt lacieees 284 Viscostze beanies 2 | “99804 | 34 
27 | ‘97762 | 133 | ‘ 02038} | 97959 | 134 | ‘02041 | | 00197 99803 | 33 
i \Weeceing bid 133 | "01908 | ‘00198 | | | . 99802] 32 
28 | .97894| 135 | .02106} . 93002 | Ts | - ; 99802 | 32 
29 | 98026 | }3; | 01974 | 98225 | y35 | 1775 | 00199 | | |_.§ 
30 | 8.98157 11. 01843 [8.98358 | ;35 |11. 01642 |10. 00200 | y | 9. 99800 | 30 
31 gg2gg | 131 01712 | . 98490 01510 | . 00202 | 4 | . 99798 | 29 
32 | .98419| 13 | ‘oiss1| ‘98622 | 132 | .01378| | 00203 | } | -99797 | 28 
a is 4 TS 98753 | 131 | ‘01247 | | 00204 99796 | 27 
aa | moses | fe) | -co14si |i 98753 | IS bs i 99796 | 27 
34 | . 98679 | 159 |_.01321 | _- 98884 | 73) |_.01116 | 00205 | 9 |_. 997 
35 | 8. 98808 9 [11 01192 | 8.99015 | ,35 |11. 00985 |i0. 00207 | | | 9.99793 |” 25 
36 98937 | 129 01063 | . 99145 00855 | .00208 | | | . 99792] 24 
37 | | 99066 | 122 | ‘ 00934} ‘99275 | 13 | ‘00725 | .00209| ; | 99791 | 23 
38 | 199194 | 128 | *oos0e | | 99405 | 13° | | 00595} ‘00210 | 4 | .99790| 22 
128 | * 99678 | | 99534 | 129 00466 | . 00212 99788 | 21 
39 | .99322 | 128 | .00678| . 99534 | 158 Baan Seat oy |e ae 
are 11. 00: 9 
41 | 99577 | 127 |'" ooaa3 |“ a9791 | 122 |": 00209 |. oo214 | | |”. 99786 | 19 
41 | .99577 90423 | | 5 ae URe : 9 
42 99704 | 127 00296 | 8. 99919 11,00081 | 00215 | 3 | : 99785} 1 
43 | . 99830 | 126 | <oo170 | 9. 00046 | 12% |10. 99954 | 00217] 7 | .99783 | 17 
126 |44' 00174 | 128 | | 99826 | | 00218 . 99782 |_ 16 
44 | 8.99956 | 12° |11. 00044 |. 00174 | 15 2 es 
45 | 9.00082 10. 99918 | 9.00301 | j5, |10. 99699 |10. 00219 | , | 9. 997 15 
46 00207 | 125 99793 | . 00427 99573 | ..00220 | 5 | . 99780 
47 | .00332 | 125 | ‘90668 | | 00553 | 126 | . 90447 | .00222| 4 | .99778| 13 
4s | .00456| 124 | ‘99544 | 00679 | 126 | 99321] 00223) ; | .99777] 12 
49 | .00581-|-125 | ‘99419 | ‘00805 | 152 | _.99195 | . 00224 | ; |_. 99776 a 
: as 
50 | 9.00704 | 15, 10. 99296 9. 00930 | 95 10. 99070 10, 00225 2 9. 9975 | 10 
61 A 00828 . é . oO 124 + JOT . ge 9772 8 
123 7 98821 | . 00228 . 9977 
52 | | 00951 /99049 | :01179 | 124 | . 98821 : wea a 
53 | .o1074 | 133 | . 98926 | .01303 | 154 | . 98697 | .00220) 9 | . 99771] 7 
54 | 01196 | 133 |. ossos | 01427 | 153 |_.98573 |_..00231 | 4 cin 
121 7 98204 | | 00235 "997 
37 | 01561 -98439 | .01796 | 123 | . : 765 | 3 
121 - 98082 | . 00236 . 9976 
58 | . 01682 / 98318 | .01918 | 125 | . 98 6 toca eas 
121 97960 | . 00237 . 9976 
59 | |01803 /98197 | .02040| 125 | . 9 7 ; 
60 | 9.01923 | 129 j10 98077 | 9. 02162 | 12 |10. 97838 |10. 00239 9. 99761 : 
—_ Diff. : s 
5+ cos Diff sec cot ee tan esc 1 sin «84 
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TABLE 33 


Logarithms of Trigonometric Functions 


tan ; cot 


. 02162 . 97838 
. 02283 BO Citlag 
. 02404 . 97596 
. 02525 . 97475 
. 02645 
. 02766 
. 02885 
. 03005 
. 03124 
. 03242 


. 03361 
. 03479 
. 03597 
. 03714 


SoIAAmomee 4 oS 
v 


NPN N ENE NE NE NEN EP NEN NE NED PNP EN EP NE NH ENE NE NR EH PNR BNR RED He Dee 


Plornnmwhala~106© 


t 
(oe) 
(JS) 

° 
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TABLE 33 
Logarithms of Trigonometrie Functions 

a a aL PR a 

7° sin ny cse tan Die cot sec er cos <172° 
¥ 4 
0 | 9.08589 | jog |10.91411 | 9.08014 | 195 |10. 91086 |10. 00325 | , | 9.99675 | 60 
1 | .08692 | io, | .91308| . 09019 | 30? | - 90081 | . 00326 | 3 | . 99674 | 59 
2 | .08795 | joo | -91205| .09123 | ips | . 90877 | .00328 | 2 | ‘99672 | 58 
3 | 08897] jo9 | - 91103 | .09227 | 193 | .90773 | |00330 | 2 | ‘99670 | 57 
4 | .08999 | jo9 |_-91001 | . 09330 | {pe |_. 90670 | .00331) 4 | 99669 | 56 
5 | 9.09101 | 19; |10. 90899 |9. 09434 | jy, |10. 90566 |10.00333 | ; | 9.99667 | 55 
6 | .09202 | jo | .90798| .09537 | 353 | . 90463 | .00334 | 5 | .99666| 54 
7 | .09304 | ip; | - 90696 | - 09640 | 193 | . 90360 | ‘00336 | 2 | ‘99664 | 53 
8 | .09405 | io; | . 90595 | .09742 | 352 | .90258| .00337| 5 | . 99663] 52 
9 | ..09506 | jo |_.90494 | 09845 | 103 | .90155 | . 00339 | 2 | ‘99661 | 51 
10 | 9.09606 | 19; |10. 90394 | 9.09947 | 555 |10. 90053 10. 00341 | | | 9.99659 | 50 
11 | .09707 | jog | - 90293 | . 10049 | i547 | . 89951] .00342| 5 | 99658] 49 
12 | .09807 | joo | - 90193 | .10150 | 304 | : 89850} .00344 | 2 | . 99656 | 48 
13 | .09907 | “og | .90093 | . 10252 | 157 | . 89748] 00345 | 5 | 99655 | 47 
14 |. 10006 | j99 |_.89994 |. 10353 | 391 |_.89647 | .00347 | 2 | | 99653 | 46 
15 | 9.10106 | gq |10. 89894 | 9.10454 | 54, |10. 89546 |10. 00349 | | | 9.99651 | 45 
16 | .10205| 94 | .89795| .10555 | ij; | .89445| .00350| 5 | .99650] 44 
17 | .10304 | 93 | .89696] . 10656 | jpg | . 89344] .00352| 7 | .99648| 43 
1g | .10402| G6 | .89598| .10756 | jo, | . 80244 | .00353 | 5 | .99647 | 42 
19 | .10501 | 9g | .89499 | . 10856 | pe |_.89144 | .00355 | 5 |_.99645 | 41 
20 | 9.10599 | 4, |10. 89401 | 9.10956 | jo, |10. 89044 |10. 00357 | | 9.99643 | 40 
21 | .10697| gs | . 89303 | .11056 | ‘99 | .88044| .00358 | 5 | . 99642 | 39 
22 | 110795 | gs | .89205| .11155| 94 | .88845 | .00360 | 5 | . 99640] 38 
23 | .10803 | 92 | .89107| .11254) 24 | . 88746 | . 00362 | 7 | .99638| 37 
24 | .10990| Of | . 89010] .11353 | 64 |. 88647 | .00363 | 5 | .99637 |_ 36 
25 | 9.11087 | 47 |10. 88913 | 9.11452 | 94 |10. 88548 |10. 00365 | 5 | 9.99685 | 35 
26 | .11184| Qf | .sssie| .11551| 93 | .88449] .00367 | { | .99633 | 34 
27 | .11281 | O24 | . 88719 | 11649] 93 | . 88351 | .00368| 5 | .99632 | 33 
28 | .11377| 88 | . 88623 | .11747) 98 | . 88253 | .00370 | 7 | .99630| 32 
29 | .11474| 9% | . 88526 | 11845 | 52 | .88155 | .00371 | 5 | .99629| 31 
30 | 9.11570 | 44 |10. 88430 | 9. 11943 | 97 |10. 88057 |10. 00373 | 5 | 9.99627 | 30 
31 | .11666| 2° | 83334] 12040) o4 | . 87960 | .00375 | 7 | .99625 | 29 
32 | .11761| 92 | . 83239] .12138| 97 | .87862| .00376 | 5 | .99624| 28 
33 | .11857| 9° | | 83143] . 12235 | 9. | .87765| .00378 | 5 | .99622] 27 
34 | .11952| 22 | | 83048] . 12332] 9, | .87668| . 00380 | 5 | .99620 | 26 
35 | 9.12047 | 4, |10. 87953 | 9. 12428 | 97 10. 87572 10. 00382 | | 9.99618 | 25 
36 | 112142) 9° | 87858 | . 12525 | 94 | .87475 | .00383| 9 | .99617 | 24 
37 | .12236) 4 | .87764| . 12621] 9g | .87379 | .00385| > | .99615 | 23 
38 | .12331) 9° | .87669| .12717 | 9g | .87283 | .00387| | .99613 | 22 
39 | 112425] 94 | 87575 | . 12813 | 9g |_.87187 | .00388| 5 | .99612| 21 
40 | 9.12519 | 4 |10. 87481 | 9.12909 | 9; |10. 87091 |10. 00390 | 4 | 9.99610 | 20 
ay | eoeeia | 87388 | . 13004 | ¢2 | . 86996 | .00392 | 7 | .99608]} 19 
42 | 112706 | 24 | :87204| .13099| ge | .86901| .00393| 5 | .99607] 18 
43 | 112709 | 23 | ‘87201 | .13194 | g2 | . 86806 | .00395 | > | .99605 | 17 
44| . 12892 | 93 | ‘8710s | _. 13289 | 92 |_.86711| .00397 | 9 | . 99603 |_16 
45 | 9.12085 | oO |10. 87015 | 9. 13384 | 4, |10. 86616 |10. 00399 | ; | 9.99601 | 15 
46 | .13078| 2% | . 6922] .13478| 9g | .86522| .00400| 5 | .99600] 14 
a7 | .13171| 23 | | g6g29| .13573 | 9° | . 86427] .00402] 5 | .99598] 13 
48 | 113263] 92 | | 86737] . 13667 | 9, | . 86333 | .00404] j | .99596 | 12 
49 | . 13355 | 22 | | 3645 | _. 13761) 93 |_. 86239 | 00405 | 9 | .99595 | 
50 | 9.13447 | ©, |10. 86553 | 9. 13854 | 4, |10. 86146 |10. 00407 | 9 | 9.99593 | 10 
51 13539 | 92 | -ge4e1| . 13048 | 3 | .86052| .00409/ 5 | .99501| 9 
52 13630 | 22 | | 36370] .14041| 95 | .85959| .00411 | 1 | .99589] 8 
53 | .13722| 22 | 86278] . 14134 | 95 | . 85866 | .00412| 2 | .99588) 7 
54 | .13813 | 3! | ‘86187 | . 14227 | 93 |_.85773 | _. 00414 | 5 |_.99586 | 6 
55 | 9. 13904 10. 86096 | 9. 14320 | 45 |10. 85680 |10. 00416 | 5 | 9.99584 | °5 
56 13994 | 29 | ge006 | . 14412] 95 85588 | .00418| 7 | .99582] 4 
57 14085 | 2! 35915 | .14504| 92 | 85496 | .00419| 5 | .99581 | 3 
58 | 114175 | 29 | ‘g5825| .14597| 9; | . 85403 | .00421| 5 | .99579| 2 
59 | .14266| 2! | | 85734 | | 14688] 95 | . 85312] .00428 | 9 | .99577) 1 
60 | 9.14356 | 99 |10. 35644 | 9. 14780 10, $5220 |10. 00425 9.99575 | 0 
t 

a i Diff. : 
Q7°> cos ae sec cot wat tan esc 1’ sin 82° 
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: TABLE 33 
sogarithms of Trigonometric Functions 
o., i Diff 
8 sin 1’ csc tan Diff. cot Diff 
: | sec sT ; cos «171° 
0 | 9. 14356 1 
0 | 9. 143: gq |10. 85644 | 9. 14780 
18 co! Posen Meee diez 10. 85220 10. 00425 9.99575 | 6 
2 |. 14585 x0 - 854165 14963 ot ee ieee 2 aes 09 
3 | : 15054 2 et 3 
i || ae 89 85286 | . 15145 91 Teck 00430 | 2 cast a 
5 | 9.14803) gg 10. 85197 . 15236 4 io-Bave2 10: Oba 2 90808 | 58 
S/R TEE) ss S30 | 8 ebae 1 |19. 84764 [10. 00434 9. 99566 
f | cilia | 88 |< S80gp | 130 ie 84673 00435 | 1 99568 | a 
£] titon | 82 | 88h] Bho or | 84583 | .00437 | 2 | | 995 5 
; 84931 | . 15508 | 99 | . 84492 | 00439 2 | ‘90361 | 52 
1 oie 8 15598 | 3 84402 2 | Sogaeo it 
[asa] & horas [tan 0 | 00441 | 2 | 199559] 51 
rae a5; ET (ep leas 0. $4312 |10. 00443 
i 1 os es eee ate 4223 | . 00444 | 1 lggaee i 
13 | . 15508 | 33 | . 84492 | . 15956 89 etsenai leekcoaie 3 | | 90554 18 
ef AB) ae | RSE] SASS | ABET BES) | 8 | 
15 | 9. 156 gy |10. 84317 | 9. 1613 ge er Ny 
i Te ee 16135 | gq |10. $3865 |10. 00452 Pca soni8 3 
iy | cise) 82 | cS | 1831 ga. |) 88776 [ino04s4 |. 2 i = 
ie | tans | © sored bea wet 2 83688 | .00455 | 1 cae rs 
10 | ciais0 | - $4056 |. 16401 | 55 . 83599 00457 | 2  90n48 eS 
|ate| Srees010 | E89 inca 511 | .00459| 2 | | 99541 a 
2 | teas | 82 |S | 1886 gg |10. 83423 |10. 00461 2 19-99 i 
22 | iioaes | 8° | Siri | 2 1eees sg | - 83335 | .00463 | 2 ee = 
a | tose | 83 | S30an |< 1ean ge | - 88247 | 00465. 12 - 99537 39 
H | isto) & 83026 1/6841 | 57 - 88159 00467 | * es = 
forse) © hoses {otro 33 |. 83072 | . 00468 | 2 Coes ae 
a5 | tooat | 85. |" Sans | © 12thg g7 10. 82984 |10. 00470 Pies ss 
z | cine | $2 | casas | ttm or (fe82807 |e -00472.|, es a 
Bol Berson il tas glaceeet ay teeeeca7e a7 | + $2810 |. - 00474 |.5 9536 33 
2) |_cinsse | 83199 | 17277 | 82723 00476 | 2 eee = 
go-to * lioamay [tes gy |_.82687 | . 00478 | 2 Res 1 
at | tose | 85 |" Sanus | © tase 36 10. 82550 |10. 00480 2 ron A 
go | cise | St | Soar | eas eo | «82464 | .004K2 | 2 vocras tae 
ss | irae | St | Serer | oo get Weiaszete peenoo4sa |e pice os 
st | catatr | 82777 | 17708 | 36 - $2292 00485 | 2 tet pi 
36 (17474 | 88 10. 82609 | 9. 17880 2 EAST he 0913 a 
so [Tris | 85 |" Saeae | 8 ee gs |10. 82120 |10. 00489 eae = 
sr | ‘trans | $4 | Soo] tans Se. | a2038 |ier00401 [> 2 ignena hee 
36 | iran | 8 | Saas | cers se | -81949 | .00493 | 2 hee ss 
40 | 9.17807) °° 82276 | . 18221 | 89 - 81864 | ..00495 | 5 98504 22 
40 | 9.17807] 3 |10. 82193 | 9. 18306 egg ea teas Hb Ca 99008 | 21 
nt tiaso | a Pana or 10. 81694 |10. 00499 | ~ |-9. : ch 
| cinn| 3 SE i a) 481609 famonsol 2 linearis fo aee 
43 | . 18055 | 55 | . 81945 | 18560 85 | - 81525 | . 00503 | > “ooio7 | 18 
45 | 9. 18220 83 81863 | « ise4a | 84 ac Gke 00505 | 7 99495 17 
46 "18302 | 82 10. 81780 | 9. 18728 st SOLADE I ANI08 Np oni i 
io |" ieao2 | $2 |" Stoo | ° Teen gq |10. 81272 |10. 00508 2 ee | ae 
7 | ctsaes |S! | oatetr |< 18806 1 |) sigs @eroo5i0 |e Heian ae 
Mo Nee | mea, Vee aennee | imeanoro a3 | 81104 | 00512 | > “o9iss | 13 
50 | 9.18e28| ° . 81453 | . 19063 | 34 eon eet he 99486 12 
51 -18709 | 81 10. 81372 | 9. 19146 ae OU NREL Ke “oni i 
Bt f° isroo | St 81351 | © tapas 53 |10. 80854 |10. 00518 a 
62 | . 18700 | g | . 81210] < 19312 83 | - 80771 | ..00520 | 3 “90480 | "6 
B38 | . 18871) gy | . 81129 | 19395 s3 | - 80688} .00522 | 5 “ogi7s | 8 
bi | tense | Prige Vesa aos |e as "30605 | 100524 | 2 | “eoave e 
socio | 8! hoger | a: 1e66 83 |-.80522 | | 00526 | 2 yO ; 
go [Sasi | 80 | Sawer | © 196 go |10. 80439 |T0. 00528 2 eee | 
b7 | - 19103 | gq | . 80807 | - 19725 a9) 1 ROE 11000590 |e “o9t70 | 4 
58 | <toxrs | $9 | Sonar | <iseor go |e) 180275 10 00532 | 2 cee : 
59 | 19853 | gp |. 80647 |. 19889 s2 | - $0198 | . 00534 | > “99460 | 2 
i 10, 80567 | osioevi [9 82 nocenaspielonce. 2 | osaea | i 
ete le 0. 30029 }10. 00538 | 2 | g coisa | 
; = <n : /99462 | 0 
i a ek ain : t 
1’ sin «81° 


TABLE 33 


Logarithms of Trigonometric Functions 


1385 


sin cia esc tan Hage cot sec oe cos «170° 
9.19433 |g, |10. 80567 | 9.19971 |g. |10. 80029 |10. 00538 | 99462 
E0513 | oo 80487 | . 20053 | 8% | . 79947} . 00540 | $ 99460 
19592 | 23 30408 | :20134 | 85 | ‘79866 | | 00542 | 3 99458 
msgaT? | co 30328 | ©20216 | 8% | ‘70784 | | 00544 | 5 99456 
wm9751| 25 g0249 | . 20207 | 8) | .79703 | . 00546 | 5 99454 
9.19830 | -9 |10.80170 | 9.20378 | ,, |10. 79622 |10. 00548 | 99452 
- 19909 | 23 g0091 | .20459 | 8) | . 70541 | . 00550 | 3 99450 
1998s | 23 30012 | . 20540 | 8) | . 79460 | - 00552 | 5 99448 
20067 | £2 79933 | . 20621 | 8) | .79379| . 00554 | 5 99446 
20145 | 78 79855 | .20701 | 8° | ‘79299 | | 00556 | 5 99444 
9.20223 | -9 |10. 70777 | 9.20782 | 5, |10. 79218 |10. 00558 | . 99442 
sanao2 | Ze 79698 | . 20862 | 89 | ‘79138 | . 00560 | 5 99440 
- 20380 | 48 79620 | :20942 | 89 | ‘79058 | - 00562 | 5 99438 
20458 | 48 79542 | .21022| 89 | ‘78078 | | 00564 | 5 99436 
20535 | 44 79465 | 21102 | 8) | | 78808 |_. 00566 | 5 99434 
9.20613 | 7, |10. 79387 | 9.21182 | 9 10. 78818 10. 00568 | 5 99432 
-20601 | 28 | ‘79309 | 21261 | 22 | . 78739 | .00571 | 5 99429 
20768 | 2% | ‘79232 | 21341 | $0 | \ 78659 | .00573 | 5 99427 
,20845 | 27 | ‘70155 | :21420| 72 | .78580| .00575 | 5 99425 
20922 | 2% | ‘79078| . 21499 | 79 | . 78501 | ..00577 | 5 99423 
9.20999 | 7 |10. 79001 | 9.21578 | 7 |10. 78422 |10. 00579 | 5 99421 
"21076 78924 | .21657 | 7) | . 78343] 00581 | 5 99419 
aris Woe Mi iresey7 | 221736 |e) (78264 1°. 00583 | 99417 
(21229 | 78 | (7e771| .21814| 78 | . 78186] . 00585 | 5 99415 
"21306 =a "78694 | .21893 | 72 |. 78107 |_. 00587 | 5 99413 
9. 21382 10. 78618 | 9. 21971 10. 78029 {10. 00589 99411 
(21458 | 76 | (78542 | . 22049 | 78 | 77051 | . 00591 2 | “: 99409 
yates || 20) icnzseee | )s22107 | 22477878 | 200893 | 3 99407 
"21610 | 26 | ‘78390 | . 22205 | 77795 | .00596 | 3 | . 99404 
"21685 Be 78315 | _.22283 | 78 |. 77717 | . 00598 | 5 99402 
21761 10. 78239 | 9.22361 | <- |10. 77639 |10. 00600 | - 99400 
* 51936 | 75 | t164 | 22438 a7 |. 77562 | ..00602 | 5 | . 99398 
-g1912 | 78 | ‘7g0sa| .22516 | 75 | 77484 | . 00604 | 5 99396 
‘g1987 | 75 | 78013] .22593 | 47 | .77407 | . 00606 | 5 99394 
"22062 ae 77938 | .22670 | 42 |_.77330 | . 00608 | 5 99392 
22137 | <° |10.77863 | 9. 22747 10. 77253 |10. 00610 | ; 99390 
ot 74 | 77789 |. 22824 “i "77176 | . 00612 4 99388 
92286 | 72 | (77714] .22901| 4% | . 77099] . 00615 | 5 99385 
22361 | 25 | (77639 | .22977| 7 | . 77023] . 00617 | 5 99383 
"22435 sy 77565 | . 23054 | 77% | . 76046 | . 00619 | 5 99381 
* 190. 77491 23130 | «. |10. 76870 {10. 00621 99379 
: pon83 74 |" 97417 | . 23206 ch 76794 | . 00623 i 99377 
so2667 | fe |. 77343 | 23283 | 4 |). 76717 | 00625 | 5 99375 
92731 | 74 | ‘77269 | .23359| fe | . 76641 | .00628 | 5 99372 
"22805 te 77195 |. 23435 | 4e |_. 76565 | . 00630 | 9 |_. ee 
“9. 2287 P77 122 23510 10. 76490 |10. 00632 . 99 
; fee Ay als, rrois |. 23586 “is (76414 | ..00634 | 2 | . 99366 
"93025 | 73 | ‘76975 | .23661| 4? | . 76339 | . 00636 | 5 | . 99364 
"23098 | 73 | ‘76902 } .23737| 42 | . 76263 | .00638 | 3 | . 99362 
"93171 oe 76829 | .23812 | 72 |_.76188| . 00641 | 5 |_. ee 
6 | 9.23887 | .. |10. 76113 |10. 00643 99357 
. eat; 73 “4 ies 23962 iy 76038 | . 00645 ; "99355 | 9 
aeae0e Ge . 76610 24037 | 75 . 75963 | .00647 | 5 | . 99353 3 
23462 | 72 | ‘76538} (24112 | 72 | .75888| .00649 | 3 | .99351] 7 
23535 ae 76465 | .24186 | 45 | . 75814 | . 00652 | 5 tae : 
23607 7 24261 | -, |10. 75739 410. 00654 9. 99: 
; an ome ei 24335 | (4 | .75665 | . 00656 | 2 99844 4 
(23752 | 73 | | 76248) .24410| 23 | . 75590] . 00658 | 5 - 99342 3 
23823 | 71 | ‘76177 | 24484 | 74 | . 75516} .00660 | 3 | . 99340) 
23805 | 72 | ‘76105 | 24558) 74 | 75442) 00663 | 5 | 90887 | I 
9. 23967 | “2 110. 76033 | 9. 24632 10. 75368 |10. 00665 | “ | 9.$ ‘ 
; Diff. A 
cos Diff sec cot ne tan ese 1’ a «80° 
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TABLE 33 


Logarithms of Trigonometric Functions 


tan a cot 
0 | 9. 23967 10. 76033 | 9, 24632 10. 75368 |10. 00665 
1 | (24030 | 72 -|.cczena [in 24706 |9@4) peamppooa ten poser |22 | cences ame 
2) | e24ar0 | 75890 | 24779 | 23 75221 | | 00 2 | [909331 || 55 
3 || a2ais1 | 1) | peregie laemanss |Oe4| reeeena7 (meanass 182 ft eee dee 
4 | .24253| 7% | (75747 | | 24926 ue 75074 | . 00674 Shek 90326 36 
5 | 9.24324) 7, 10. 75676 | 9.25000 | 7, [10. 75000 10. 00676 | > | 9. 99324 | 55 
7 | 24466 | 71 | ‘7e534] ‘25148 | 73 | “7aennl moc: | Eee ane 
S } wiz4sse | 2°: |eccvedea (er g5219 | 23! \ewerazel Wemogees |U2 | cagaie ae 
9 |_.24607 | 75 |_. 75393 | | 25292 | 78 | ‘747081 ‘00683 | 2 | ‘oosis | 21 
10 | 9. 24677 10. 75323 | 0.25365 | 2° 78? aaa 
Hy | & 34872 | 71 |F0. 75828 | 9. 25365) 7 /10. 74635 |i0. 0067 | 5 | 9. 99313 | 50 
a2 |' so4518 | 7°) [hzi7eis9 lancassio |W) Meemeatooilimeucces \G2° I meeaee eee 
43. | pezasss | 20) la cyeii9 [eacosnge [Om 2! Wmmtecee eee: \e2. ocean 
14 | . 24958 | 79 75042 | | 256 73) hae . 00694 | 5 | .99306] 47 
-th | 24958 | 79 |_-75042 | _. 25655 | 7) |_:74345 | ‘00806 | 2 | ‘99304 | 46 
He Geese 7q_ (|10. 74972 9. 25727 | 75 |10. 74273 |10. 00699 | 5 | 9.99301 | 45 
17 | 125168 | 72 | <t4s32] <aoari | 72 | -7428D] -00701 | 9 | . 99200) 44 
18 | 25237 | 99 | . 74763 | 125043] 72 | 74057 | looros | 3 | <sesek | 33 
ae Sele 69 |_- 74693 |_. 26015 | 77 |_. 73985 | - 00708 | 3 | ‘99292 | 41 
a1 | °-asda5 | 69 [0 £4824 | 9. 26086 | 79 [10 73014 |10. 00710 | 5 | 9. 99290 | 40 
22 | .25514| 6? | ‘74486| | 26229 | 1 | *7 -00712 | 3 | . 99288] 39 
i 73771 | 00715 | : 99285 
23 | . 25583 | 69 s4417 | °° 72 q 5| 5 | .99285 | 38 
69 | 74417) . 26301 | 7 73699 | | 00717 99283 | 37 
eS 25652 | G9 | . 74348 | . 26372 | £1 | | 73628 | | oo7i9 2 | {90281 | 36 
9.25721 | gq 10. 74279 | 9. 26443 10. 73557 [10. 00722 9.99278 | 35 
26 | . 25790 | gg | . 74210) . 26514 Zt |: 73486 |; 0724 2 | “199276 | 34 
"2 . 74142 | . 26585 73415 | . 00726 ; 
28 | .25927 | 89 | ° 7497 70 [a= 00726 | 3 | .99274] 33 
29 | meses. | 28 hue 74008 | | 26936 tis 73274 | looray | 2 | pom (hed 
30 | 9.26063 | G9 |10. 73937 | 9. 26797 10. 73208 |10. 00733 | = |-9-99367-}~30 
al | 26131 | Gg | . 73860 | 26867 to | -73133| :00736 | 3 | “99964 | 939 
: . 2616 . 73801 | . 26937 | . 73063 | . 007 "999 5 
33 | .26267| 68 | ° 73733] | 27008 | 71 mos Veecor.n |e2 | ee 
34 _|_. 26835 | gg |_.73665 | .27078 | 29 | ‘72929 | ‘oo743| 3 | -eecce | 2% 
35 | 9. 26403 10. 73597 | 9.27148 | ° lio-7assalio. 2 oe 
37 | | 26538 | 68 yanoe (a ceeces | zo) {heeiez82 Weriodr4s |75 | 2 ozb2 | ge 
38 | .26605 | 8% | | mayasy |\W69) \uaeeeese sd mmened oe . 99250 | 23 
5 | Go 11073395 |ome735% 2643 | . 00752 | 2 
39_|_. 26672 | 67 | . 73328! 127427 | 7° | “795731 “ooyss | 3 | (29248 | 22 
40 | 9. 26739 10. 73261 | 9.27496 | °° |i9 755 Saarae {2 eee ee 
41 | . 26806 | 8% | 73194] 27566 | 70 [1° 2on07 [10 00757 | | 9. 99243 | 20 
42 | 26873 | Bo {78127 |: 127635 | 569) Jocoronge deminares [f3 | sooeee | 8 
43 | . 26040) G7 | -73000| ‘27704 | 88 | *79906| ‘ores | 2 | °Soz88| 18 
| 27007 272993 | .».27773 |''89 |. srooo7 IN nove |S | “aac : 
45 | 9.27073 | °° iteaooa7 |aavaae (Co) eee eee | ees eee 
46 | .27140 | 87 | zo860] 27011 | 69 |’ Fagen [10 00769 | 9 | 9. 902381 | is 
47 | .27206 | go | .72704| 27980] 89 | -25090| ‘oovra | 3 | - 202291 14 
a eee? | oe, ee 72727 |. 28049 69) jecealosm dumoanr7s (82 | enaaaa Peas 
: . 72661 | . 28117 a S| etaaea 
50 | 9.27405 66 Tonvarer\a-s 69. JZ #1883 . 00779 2 . 99221 11 
595 | 9. 28186 LOM TAI 
5a | Peazene | Pesos |e o8e28 |o-eg =| enelery lemnoorse (2 | otuoai eas 
= 66 |: 72332 | . 28459 71541 |. 007 3 
55 | 9.27784 10. 72266 | 9.28527 | °8 lio-7qa7g erik? | weeeOenees 
56 | 27700 | 65 eeere ase 63 |10. 71473 |10. 00793 5 | 9 99207 | 5 
az Watouaen | 65) Geena - 28595 | Bo | .71405 | . 00796 992041 4 
: . 72136 | . 28662 7133 2 
58 | . 27930 Bet i\nn@2070 |emsos7a0 \MECS) qatar acn tae 00800 2 | Paceuy Nee 
127 5 ape - 9920 
60 | 9. 28080 | 65 UREN eevee. Go! whan toon. faphonso |e o | tcgcart iene 
. 71940 | 9. 28865 10. 71135 |10. 00805 | 2 | 9 99195 | 9 
cos Diff ve] + 
1 shy coe 1 tan esc ee sin <7Qo 
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TABLE 33 
Logarithms of Trigonometric Functions 

1 1°> sin Dis csc tan Dies cot sec a f. cos -168° 
% y 
0 | 9.28060} ¢, |10. 71940 | 9.28865 | g, |10. 71135 |10. 00805 | . | 9.99195} 60 
1 | .28125 | G2 | .71875 | .28033 | G° | . 71067] .00808 | 3 | 99102] 59 
2 | .28190] @7 | .71810] . 29000) 37 | .71000| ‘00810 | 2 | ‘99190] 58 
2, |Pqeeeb4s) fe) lipucdi746 | 20067 | "| 709033.| «0813 |= | s 99187 | 57 
4 |_.28319 | §2 |_.71681| .20134| 67 | | 70866 | .00815 | 2 | ‘99185 | 56 
5 | 9.28384 | ¢, |10. 71616 | 9.29201 | 4, |10. 70799 |10. 00818 | 5 | 9. 99182 | 55 
6 | .28448 | G4 | .71552] .20268| B” | . 70732] .00820| 2 | \99180] 54 
7 | .28512| Gs | .71488| .20335 | 6% | | 70665 | .00823 | 3 | 99177] 53 
S| .28577 | @2 |. 71423 | 220402 | 67 | . 70508 | 00825 | 2 | Lo9175 | 52 
9 | 28641 | 67 | .71359| .20468 | Po | | 705321 | 00828 | 3 | 90172 | 51 
10 | 9.28705 | ¢, |10. 71295 | 9.29585 | g¢ |10. 70465 |10. 00830 | 3 | 9.99170 | 50 
11 | .28769| 67 | .71231| .20601| B% | . 70399 | .00833 | 3 | . 99167] 49 
12) |peesees.| pe peccvile7 | «29668 | 8! bpa.70332 | 00835 | | 290165 | 48 
13 | . 28806 | 6% | .71104| 29734) 68 | | 70266} . 00838 | 3 | \ 99162] 47 
14 | .28960| §4 | .71040| - 20800] Be | _.70200| .00840 | 3 | .99160| 46 
15 | 9.29024 | g3 |10. 70976 | 9.20866 | g¢ |10. 70134 |10. 00843 | 5 | 9.99157 | 45 
16 | .29087| §3 | .70913| . 20932] Be | .70068| .00845 | 3 | .99155| 44 
17 | .29150| 63 | . 70850} . 20908 | GP | : 70002] . 00848 | 3 | 99152] 43 
1g | .20214| 63 | ‘70786 } .30064| GF | .69936| .00850| 3 | .99150] 42 
ig | .29277| 68 | - 70723 | .30130| 6° | .60870| .00853 | 5 | .99147| 41 
20 | 9.20340 | ¢3 |10. 70660 | 9.30195 | gq |10. 69805 |10. 00855 | 5 | 9.99145 |” 40 
21 | .20403| 63 | 70597] :30261 | §, | .69739] .00858 | 5 | .99142] 39 
22 | .20466 | 63 | 70534] .30326| fo | . 69674] .00860| 3 | .99140| 38 
23 | .29520| 63 | ‘70471 | . 30391) 63 | .69609| . 00863 | 5 | .99137| 37 

24 | . 20501 | 62 | ‘70409 | . 30457 | Gs | .69543 | .00865 | 3 | .99135 | 36 
25 | 9.29654 | g5 |10. 70346 | 9.30522 | g- |10. 69478 [10. 00868 | 5 | 9.99132 | 35 
26 | .29716| 62 | ‘70284 | .30587| f2 | .69413| .00870 | 3 | .99130] 34 
27 | 120779 | 68 | ‘ 70221} .30652| 6? | .69348| .00873| 3 | .99127| 33 
28 | 20841 | 62 | ‘ 70159] -30717| G2 | .69283| .00876 | 5 | .99124] 32 
29 | 20903 | 62 | ‘7o007| :30782| Bf | -69218 | .00878 | 3 | .99122| 31 
30 | 9.29966 | 4» |10. 70034 | 9.30846 | ¢, 10. 69154 |10. 00881 | 5 | 9. 99119 | 30 
31 | .30028| 6% | 69972] :30911| §% | . 69089] .00883) 3 | .99117| 29 
32 | :30090| 6? | ‘69910} .30975| gs | .69025| .00886 | 5 | . 99114] 28 
33 | .30151| 61 | ‘69849 ] .31040 | g2 | . 68960] .00888| 3 | .99112| 27 
34 | .30213 | 62 | ‘6o787| -31104| §4 | . 68896 | .00891 | 3 | .99109 | 26 
35 | 9. 30275 10. 69725 | 9.31168 | ¢- |10. 68832 }10. 00894 | 5 | 9.99106 | 25 
36 | .30336 | 8! | 69664} . 31233 | S89 | .68767| .00896 | 5 | .99104| 24 
37 | . 30398 ey 69602 | 31297] 64 | . 68703} .00809 | 5 | .99101| 23 
38 | .30459| © "69541 | . 31361 | 64 | . 68639] .00901| 3 | . 99099] 22 
39 | . 30521 oF 69479 |_.31425 | Of | . 68575 | .00904 | 3 | .99096 | _21 
40 | 9. 30582 10. 69418 | 9. 31489 10. 68511 |10. 00907 9. 99093 | 20 
a "30643 | 6! 69357 | . 31552 oo 68448 | . 00909 : “99091 | 19 
42 | .30704| 6! 69206 | .31616 | 6% | .68384| . 00912) 5 | . 99088} 18 
43 | .30765 | 9%! 69235 | . 31679 | 63 | .68321| .00914| 3 | . 99086] 17 
44 | 130826 | 6! | ‘69174| .31743 | gg | . 68257] 00917 | 3 | .99083| 16 
. 30887 10. 69113 | 9. 31806 10. 68194 |10. 00920 9.99080 | 15 
a6 4 apa 60 |" 69053 | . 31870 oe "68130 | . 00922 ; "99078 | 14 
47 | .31008| ©! | ‘6g992] :31933| 63 | .68067| .00925 | 3 | .99075| 13 
43 | .31068| © | ‘ 68932] 131996) §3 | - 68004] .00928| 5 ) .99072) 12 
49 | |31129 or "68871 | . 32059 | 63 | .67941 | 00930 | 3 | cou a 

. 31189 10. 68811 | 9. 32122 10. 67878 |10. 00933 9. 9906 
= =: Ath 61 "68750 | . 32185 BS 67815 | -. 00936 : "99064 ] 9 
52 | .31310| ©9 | ‘¢6ge00] . 32248) BS | .67752] .00938 | 3 | .99062) 8 
53 | .31370 a "68630 | . 32311 | 63 | . 67689] .00941 | 3 | - 99059 7 
54 | .31430 | 6° | ‘68570 | . 32373 | 3 |_.67627 | . 00944 | 5 i ou . 
68510 | 9.32436 | .. |10. 67564 |10. 00946 <0 
25 | % 3tsa9 | 59 |'° Geasi |. 32408 | 92 | <67502] .o0040 | 3 | . 99051] 4 
57 | .31609 | 89 | ‘@g391| 32561 | © | 167439] .00952| 5 | .99048] 3 
53 | 31669 | © | ‘68331 | .32623| ©2 | . 67377] .00954| 3 | .99046| 2 
59 | .31728| 29 | | 68272 | . 32685 oe 67315 |. 00957 | 3 | 99043] 1 
60 | 9.31788 | © |10. 68212 | 9. 32747 10. 67253 |10. 00960 9.99040 | 0 
* 
: i Diff. . 
101°" cos Rie sec cot ma tan csc 1 sin <78° 
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TABLE 33 


Logarithms of Trigonometric Functions 


Pele gy (Dit 
; sin 1’ csc tan P44 cot whe 
3 1 sec VV cos «167° 
o | 9.31788 
0 | 9.3 59 |10. 68212 | 9. 3274 
g | NSE] ge. | 6805 : 82747 |g, [10. 67258 |10. 00960 9.99040] 6 
| ait 59 | - 68093 | . 32872 = “67128 | | 00963 a | Gees : 
sae | 32 : 32872 65 - 99035 
68034 | . 32033 | Go | . 67067 | - 00968 | 3 37 
1 | cans | 8 | AN 2 | .99032| 57 
5 | 9.32084 | 55 10. 67916 | 9. 33057 10 mom | ° |e amare 
sais | $9 67916 | 9. 38057 | go 10. 66943 |10. 00973 9. 99027 
i | capa03 | 58 |< frrea | Stay 62 |" 688i |. 00978 | 3 | . 90024 | 34 
| szanr | 38 | cerrgn | Saute | 82 - 66820 | .00978 | 2 | ‘99 33 
67739 62 | © 66758 | ‘oo9si | 3 | ‘90019 } 52 
Peale 0 ato . 33303 66697 1/3 | ‘es018] 1 
10 | 9.32378) 55 |10. 67622 | 9, 33365 ae 0: moae7 | > lieeeomuat licen 
| ae 59 Oe eee ce EE | or! ieee ae 
12 | caaaos | 58 | Srl - 33426 |g | . 66574 |. 00980 2 |e 99011 | 49 
13 | cagenk | 58 | ceeaae | 3388e | 66513 | |00992 | 3 | ‘99008 | 48 
i | S| oP | OSS | OSS | gh | RT| SR 2 | gee 
re | eaae| & here | wage 998 | 3 | .99002| 4 
ie | 5g. [20 TEBO 110.2670 |g, | [IO 6580 | 0 01000 : 
ir | cage | 8 | Grad - 83731 | 1 | . 66269] . 01003 3 |” 98007 | 44 
19 32902 | 38 67098 | _ 33913 60 “eoi47 | 08 wen] 8 
19 | 3300 - 38853 - 66 01009 . 98991 
20°} 9.3 5g |10. 67040 | 9.33974 | ©» {i0. ar ol a | a 
zi | Sons | 88 "9 Boas 33974 | gq /10. 66026 |10. 01014 Sl ecaaaeetl can 
2 | ‘sors | 52 | coos] gives | 2 65066 | . 01017 | 3 | ~ 9808s | 39 
a | asia | #8 | soso | ace | “65905 | |01020 | 3 | ‘98980 | 38 
gh] ES1O0 | (pp | SOBtO | Beats nO "65785 | 01025 3 gears | 37 
25 57 |10. 66752 | 9. 34 en : 
25 | "S00 | 57 |!” Goong 34276 | gq /10. 65724 |10. 01028 3 | aecsnzat ras 
zi | sain) 32 | Geen | Sksae | 90 "65664 | 01031 | 3 | 98900 | 34 
2 | ‘asis0 | 32 | esen | Skuse | "65604 | 01033 | 2 | ‘osoe7 | 33 
a | soar | 3 | areas | Sabi 60 | - 89544] . 01036 3 | ‘98064 | 32 
go | s-azser| © oc wnane |v aasr 60 |: 65484] ‘01039 | 3 | ‘oso6i | 31 
at | sano | 8% | Seton | © toss | 5 10. 65424 |10. 01042 | > |9.9 a 
se | <saoar | 8° | ease | o34es8 | 65365 | . 01045 | 3 |“. 9s0ss | 29 
ss | caaroa| 5% | ceease | 38008 | oo "65305 | 01047 | 2 | ‘onos3 | 28 
| caren) gf | Sean | ast 59 | - 65245 | . 01050 3 | ‘98050 | 37 
a | wagers] 2% ocgorer | gaan 59 | ‘65186 | ‘01053 | 3 | osoa7 | 36 
so | * aasra | 5° |! Sblng | © ing | 59 10. 65126 |10. 01056 | > | 9. = 
37 | . 33931) 56 | - 96069] - 34002 | 38 tone? |" orose | 3 | “asoar | 34 
38 | . 33987 | F¢ | - 96013] -35051| 3? 63908 | 1002 | 3 | anna | 28 
m5 | Suoss | $8 | opor | 380 59 | © 64049 | o10ea | 2 | ‘98036 | 98 
4 | eaato0] & hio-gsoor | wast 60 | ‘64889 | “o1067 | 3 | <osoas | 9: 
a1 | Sains | 58 | GBeaa | © $2209 | 5 10. 64830 |10.01070 | ° | 9. i 
2 | <sania| 28 | :3tan | S22e8 | 39 e477 | 01073 | 3 | * gsoar | ig 
i | “sagen | 2° | cebraa| Sse | 59 -ea712 | ‘o1076 | 3 | ‘9s0a4| 418 
ai | Bet | 98 | esore |< SB 59 | ' 64653 | \o1070| 3 | ‘ogo | is 
42 | 9 34880 | 55 |10. 65620 | 9. 35464 g5 | -tuate | ouoai | 3 | oso1s | 16 
a6 |" Saaso | 59 | Bega | © R888 | 50 10. 64536 {i0. o1084 | ® |-9-oggi6 | 1s 
i | cuss | 99 | :Gba9 |< Seer | 58 64477 | .o1087 | 3 |“ osois | da 
45 | <aasur | 9° | cebuns |< S8eny | 59 64419 | ‘1090 | 3 | <9so10 | 13 
50 | S-gieer| 06 |---05808 |_. 35608 38 | £4360] 01003 | § | osnor | 13 
BO | 9 34658 | 55 |10. 65342 | 9. 35757 go | -taama | 0100s | 3 |_eswoa | i 
Bi | \ saris | 85 | Gboar | ° feats | 58 70. 64243 |i0. 01099 | ° |-9-9s001-| io 
ba | aaron | 98 poae/\)e eeStb (isn | MaeaUsby azO1102 |g » 98808 | 9 
5a | csasoa | 88 | estre | assur | 38 64127 | ‘oto | 2 | “9ssoe | 8 
55 | 9.34934 | ©» 65121 | 35980 | 58 | “gaoit | “oui 3 | lasses | 
35 | 9 34934 | 55 |10. 65066 | 9. 36047 ge | cat | oso | 3 |__sssoo | 6 
36 |" sanno | 55 |'° Bott | © doneg | 58 70. 63053 |i0. 01113 | ° |-9-ossy-|—s 
b7 | 33044) 55 64956 | | 36163 | 58 | ‘63837 | ‘ollie | ass | 
Pot petes|| ass ea001 | /seser (oS slomessen (eeiae |e ‘gsssi | 3 
9 | 5 oio4 | 55 | 68846 | 30270 | 28 “93770 | ong | 3 | asses | 3 
: 10. 64701 | 9: 36356 | 57 lio Ooeck to ote | 3 “gssra | 
Riccras iB 10. 63664 |10. 01128 | 3 | 9, 9sevn | a 
1’ sec cot Diff ore 
1 tan esc Diff. ° t 
1’ sin <77° 
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TABLE 33 
Logarithms of Trigonometric Functions 
° ; : 
13 = tan ee cot sec te cos <-166° 
M 4 
0 9. 36336 58 10. 63664 |10. 01128 | 3 | 9. 98872 60 
1 . 86394 58 . 63606 - 01131 | 5 . 98869 59 
2 . 836452 57 . 63548 01183 | 3 . 98867 58 
3 . 36509 57 . 63491 01136 | 3 . 98864 57 
4 . 36566 58 . 63434 . 01139 | 3 . 98861 56 
5 9. 36624 57 (| 10. 63376 |10. 01142 | 4 | 9. 98858 55 
6 . 36681 57 . 63319 .01145 | 3 . 98855 54 
7 . 36738 57 . 63262 .01148 | 3 . 98852 53 
8 . 36795 57 . 638205 .O1151 | 3 . 98849 52 
9 . 36852 57 . 63148 01154 | 3 . 98846 51 
9. 36909 57 |10. 63091 |10. 01157 3 | 9 98843 50 
. 36966 57 . 63034 - 01160 | 3 . 98840 49 
. 37023 57 . 62977 . 01163 | 3 . 98837 48 
. 37080 57 . 62920 . 01166 | 3 . 98834 47 
. 37137 56 . 62863 01169 | 3 . 98831 46 
9. 37193 57 |10: 62807 10. 01172 | | 9. 98828 45 
. 37250 56 . 62750 . 01175 3 . 98825 44 
. 37306 57 . 62694 . 01178 3 . 98822 43 
. 87363 56 . 62637 -01181 | 3 . 98819 42 
. 37419 57 . 62581 01184 | 3 . 98816 41 
9. 37476 56 10. 62524 |10. 01187 3 | 9 98813 40 
. 87532 56 . 62468 .01190 | 3 . 98810 39 
. 37588 56 . 62412 . 01193 | 3 . 98807 38 
. 87644 56 . 62356 . 01196 | 3 . 98804 37 
. 37700 56 . 62300 01199 | 3 . 98801 36 
9. 37756 56 | 10: 62244 |10. 01202 | . | 9. 98798 35 
. 37812 56 . 62188 . 01205 | 3 . 98795 34 
. 37868 56 . 62132 . 01208 | 3 . 98792 33 
. 87924 56 . 62076 . 01211 | 9 . 98789 32 
. 87980 55 . 62020 01214 | 3 . 98786 31 
9. 38035 56 10. 61965 }10. 01217 3 | 2 98783 30 
. 88091 56 . 61909 . 01220 | 3 . 98780 29 
. 88147 55 . 61853 01223 | 3 . 98777 28 
. 38202 55 . 61798 01226 | 3 . 98774 27 
. 88257 56 . 61743 . 01229 | 3 . 98771 26 
9. 38313 55 10. 61687 |10. 01232 | 3 | 9. 98768 25 
. 38368 55 . 61632 . 01235 | 3 . 98765 24 
. 38423 56 . 61577 . 01238 | 3 . 98762 23 
. 88479 55 . 61521 . 01241 | 3 . 98759 22 
. 88534 55 . 61466 01244 | 3 . 98756 21 
9. 38589 55 10. 61411 |10. 01247 | 3 | 9. 98753 20 
. 88644 55 . 61356 . 01250 | 4 . 98750 19 
. 88699 55 . 61301 . 01254 | 3 . 98746 18 
. 88754 5A . 61246 . 01257 | 3 . 98743 17 
. 88808 55 . 61192 . 01260 | 3 . 98740 16 
9. 38863 55 10. 61137 10. 01263 | 3 9. 98737 15 
. 88918 54 . 61082 . 01266 | 3 . 98734 14 
. 88972 55 . 61028 . 01269 | 3 . 98731 13 
. 39027 55 . 60973 . 01272 | 3 . 98728 12 
. 89082 54 . 60918 01275 | 3 . 98725 11 
9. 39136 54 10. 60864 10. 01278 | 3 9. 98722 10 
. 39190 55 . 60810 . 01281 | 4 . 98719 9 
. 89245 5A . 60755 . 01285 | 3 . 98715 8 
. 89299 54 . 60701 . 01288 | 3 . 98712 a 
. 39353 5A . 60647 .01291 | 3 . 98709 6 
9. 39407 5A 10. 60593 |10. 01294 | 3 9. 98706 5 
. 39461 54 . 60539 . 01297 | 3 . 98703 4 
. 89515 54 . 60485 . 01300 | 3 . 98700 3 
. 39569 5A . 60431 . 01303 | 3 . 98697 2 
. 39623 54 . 60377 . 01306 | 4 . 98694 1 
9. 39677 10. 60323 }10. 01310 9. 98690 0 
: : t 
Diff. Diff. 
1! «76° 
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TABLE 33 


Logarithms of Trigonometrice Functions 


- 40634 
. 40682 
. 40730 
. 40778 


9. 40825 
. 40873 
. 40921 
. 40968 
. 41016 


. 41063 
. 41111 
. 41158 
- 41205 
. 41252 
9. 41300 


t 
104°> cos 


www 
POR WW PWWERW WRWWR WW RW RWW Ww Rw WCPRWWW RWWWR WWWhW WWwwbho WWwWWWH cw 


PlorpmwbalawadHM8.sc 


m4 
“ 


t 
NI 
on 

° 


TABLE 33 


Logarithms of Trigonomctric Functions 


tan 


cot 


. 42805 
. 42856 
. 42906 
. 42957 
. 43007 


. 438057 
. 43108 
. 43158 
. 43208 
. 43258 


OMNIA PWNHHO ~ 


. 57195 
. 57144 
. 57094 
. 57043 
. 56993 


. 01506 
. 01509 
. 01512 
. 01516 
. 01519 
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cos «164° 
v 


. 98494 
. 98491 
. 98488 
. 98484 
. 98481 


. 43308 
. 43358 
. 43408 
. 43458 
. 43508 


. 06943 
. 66892 
- 56842 
. 56792 
. 56742 


. 01523 
. 01526 
. 01529 
. 01533 
. 01536 


. 98477 
. 98474 
. 98471 
. 98467 
. 98464 


. 43558 
. 43607 
. 48657 
. 43707 
. 43756 


. 56692 
. 96642 
. 56592 
. 56542 
. 56492 


. 01540 
. 01543 
. 01547 
. 01550 
. 01553 


9. 98460 
. 98457 
. 98453 
. 98450 
. 98447 


. 43806 
. 43855 
. 43905 
. 43954 
. 44004 


. 06442 
. 56393 
. 56343 
. 56293 
. 56244 


. 01557 
. 01560 
. 01564 
. 01567 
. 01571 


. 98443 
. 98440 
. 98436 
. 98433 
. 98429 


. 44053 
. 44102 
. 44151 
. 44201 
. 44250 


. 56194 
. 56145 
. 56095 
. 56046 
. 55996 


. 01574 
. 01578 
. 01581 
. 01585 
. 01588 


. 98426 
. 98422 
. 98419 
. $8415 
. 98412 


. 55947 
. 55898 
. 55849 
. 55799 
. 55750 


. O1591 
. 01595 
. 01598 
. 01602 
. 01605 


. 98409 
. 98405 
. 98402 
. 98398 
. 98395 


. 44299 
. 44348 
. 44397 
. 44446 
. 44495 


. 69701 
. 55652 
. 55603 
. 55554 
. 55505 


. 01609 
. 01612 
. 01616 
. 01619 
. 01623 


SEWED EW EWP WW EWR WEW EW PWWhW Www PwWRWOO 


. 98391 
. 98388 
. 98384 
. 98381 
. 98377 


. 44544 
. 44592 
. 44641 
. 44690 
. 44738 


. 55456 
. 65408 
. 55359 
. 55310 
. 55262 


. 01627 
. 01630 
. 01634 
. 01637 
. 01641 


. 98373 
. 98370 
. 98366 
. 98363 
. 98359 


. 44787 
. 44836 
. 44884 
. 44933 
. 44981 


. 55213 
. 55164 
. 55116 
. 55067 
. 55019 


. 01644 
. 01648 
. 01651 
. 01655 
. 01658 


WRWH Wh WG 


= 


. 98356 
. 98352 
. 98349 
. 98345 
. 983842 


. 45029 
. 45078 
. 45126 
. 45174 
. 45222 


. 54971 
. 54922 
. 54874 
. 54826 
. 54778 


. 01662 
. 01666 
. 01669 
. 01673 
. 01676 


. 98338 
. 98334 
. 98331 
. 98327 
. 98324 


. 45271 
. 45319 
. 45367 
. 45415 
. 45463 


. 54729 
. 54681 
. 54633 
. 54585 
. 54537 


. 01680 
. 01683 
. 01687 
. 01691 
. 01694 


. 98320 
. 98317 
. 98313 
. 98309 
. 98306 


. 45511 
. 45559 
. 45606 
. 45654 
. 45702 
. 45750 


. 54489 
. 54441 
. 54394 
. 54346 
. 54298 
. 54250 


. 01698 
. 01701 
. 01705 
. 01709 
. 01712 
. 01716 


POP ERWRWARW RWRWE 


. 98302 
. 98299 
. 98295 
. 98291 
. 98288 
. 98284 


cot 


tan 


csc 


PloHenwralanMsc 


sin 


t 
x] 
= 

° 
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TABLE 33 
Logarithms of Trigonometric Functions 
16° sin ne csc tan ra cot sec ak cos «163° 
Y v 
0 | 9.44034 | 4, [10. 55966 | 9.45750 | 4, |10. 54250 |10. 01716 | , | 9.98284 | 60 
1 | .44078 | 44 | . 55922 | . 45707 | 4g | . 54203] -o1719 | 7 | . 98281 | 59 
a || Seeaigs || 44; hnmecese |eparann (27) Weecee menses: | ee 
4 | _.44210 | 43 |_.55790| : 45940 | 48 | ‘54060 | ‘01730 | 3 | ‘98270| 56 
5 9. 44253 44 |10. 55747 | 9. 45087 | 4. |10. 54013 |10. 01734 | , | 9.98266 | 55 
z (i caagar | 44) lpmeness femaeons |?) lmaeccialmmmnrecy FS | reese 
8 44385 | 44 | °55615 | | 46130] 48 | ‘538701 |o1745 | 4 | | 98255 | 52 
9 44408 | 49 |. 55572] | 46177 e 53823 | 01749 | 3 |. 98251 | 51 
10 | 9 44472 44 |10. 55528 | 9. 46224 | 47 10. 58776 |10. 01752 | 4 | 9. 98248 | 50 
12 aaess | 48) epee maeaig (mes one Bead 4..|| Foane ee 
13 44602 | 43 | (55308 | |46366/ 42 | ‘53634 ] (017631 2 | | 98237] 47 
14 44646 o 55354 | | 46413 i 53587 | . 01767 98233 | 46 
1519 44689 | 44 10. 55311 9.46460 | 47 |10. 53540 |10. 01771 | 3 | 9.98229 | 45 
17 44776 | 43 | ° Booed “ee 47 Ee eee 4 oe re 
18 44gi9 | 43 | °55181 | . 46601 | 4% | ‘533091 ‘o17s2 | 4 | ‘98218 | 42 
19 44862 | {3 | .55138] | 46648 af 53352 | 01785 | 3 | 98215 | 41 
20 | 9 44905 43 |10. 55095 | 9. 46694 | 47 10. 58306 |i0. 01780 | 4 | 9.98211 | 40 
22 44992 | 44 | | 55008 acres 47 lee ee 3 Bete = 
23 45035 | 43 | ° 54965] | 46835 | 47 | ‘53165 | 01800 | 4 | | 98200] 37 
24 | _. 45077 | 43 |. 54023] | 46881] 46 | ( 53119] | 01804 | 4 |_| 98196 | 36 
25 9 45120 5 10. 54880 9.46928 | 47 |10. 53072 |10. 01808 | 3 | 9.98192 | 35 
27 as20e || 48 |. saro4 luaaenn, | ass peoore eis beste te 
28 45249 | 43 | °547511 ‘47068 | 47 | | 52932| ‘o18i9 | 4 | ‘98181 | 32 
29 45292 | 43 | 54708] | 47114 ie "52886 | | 01823 : /98177 | 31 
30 | 9. 45334 10. 54666 | 9.47160. 10. 52840 {10. 01826 98174 | 30 
31 45377 | 43 oC) lee aaa 
32 45419 | 42 ee aos 46 cee eee 4 ope a 
33 45462 | 43 | ° 54538] | 47299 | 46 | “50701 | Lo1sss | 4 oe 7 
34 45504 | 43 | 154496 | | 47346 as 52654 | 01841 | 3 Gas 26 
35 9 45547 i 10. 54453 9.47392 | 4 |10. 52608 |10. 01845 | , | 9.98155 | 25 
37 | . 45682 | 43 | < 54308 | ‘a7asa | 48 | <Sonte| cores | 4 | - Soret | 3 
38 ace7s || 42 | 54396 |vmazeso | 048 | lheusoezg lammmtese (62 || Reacqe tt oe 
39 45716 | 45 | | 542841 | 47576 re 52424 |. 01860 | 4 ae i 
40°] 9 45758 re 10. 5442 9. 47622 4g |10. 52378 |10. 01864 | , | 9.98136 | 20 
42 apaia’|) 421 Voopaiey \acarrea | ae6 oo ee 3. |) Goaicy ae 
43 25885-| 42 beaeaiis |scaz760 | 840 | Recwogag meminrs |t2 |) eeegee Ie 
44 45927 | 42 | | 54073 | | 47806 fe 52194 |. 01879 | 4 tet i. 
45 9 45909 ie 10. 54031 9. 47852 45 (10. 52148 |i0. 01883 | , | 9.98117] 15 
47 46053 | 42 | | 53947 roe 46 scone ees aN ene lee 
48 26095 || 42. li <s2005 lmsa7oso | 40) lst zonae lmmoises | et |) eecuee Nees 
49 46136 | 4) | | 53864 | | 48035 i 51965 | . 01898 : Nee : 
50 19 46178 re 10. 53822 8.48080 | 4, _|10. 51920 |10. 01902) 4, [9 98098 | 10 
52 46262 | 42 | | 53738 wei 45 ie Giiote 4 ou : 
53 46303 | 45 | .53697| .48217| 46 | °51783| 01913 | 3 | ‘980871 7 
54 46345 | 47 | 53655 | | 48262 i 51738 | | 01917 ; 98083 | 6 
22 9 ee 42 oe aa 46 |10. 51693 |10. 01921 | , “9.98079 | 5 
B7 | «asco | 41) |< iSanei lneesaos |9145\ \aamerege leainions (et |) pecs: Mme 
58 46511 Fi . 53489 | 148443] 45 | (515571 | o1933 | 4 shee 3 
59 : 46552 49 |. - 53448 | | 48489 a. -51511 | .01937 | * | | 98063 1 
: 10. 53406 | 9. 48534 10. 51466 |10.01940 | 2 | 9. 98060 | 0 
Diff, ; ; 
106° cos Vv sec cot ree tan esc aie sin 730 
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TABLE 33 
Logarithms of Trigonometric Functions 
17°> sin <7 csc tan meri cot sec ae cos «162° 
A ¥ 
0 | 9.46594 | 4, |10. 53406 | 9. 48534 | 4, |10. 51466 |10. 01940 | , | 9. 98060 | 60 
1 46635 | 4; | . 53365] .48579| 42 | .51421| 01944 | 7 | .98056| 59 
2 46676 ' 53324 | | 48624 "51376 | _ 01948 98052 | 58 
41 45 4 
3 46717 | 4; | .53283] .48669/ 72 | 51331] .01952| 4 | .98048| 57 
4 46758 | 4o |_.53242| .48714| 4° | .51286| .o1956 | 4 | . 98044 | 56 
5 | 9.46800 | 4, |10. 53200 | 9.48759 | 4. 10. 51241 |10. 01960 | , | 9 98040 | 55 
6 46841 | 7; | 53159] .48804) 72 | .51196] .01964| 4 | .98036| 54 
7 46882 | 4; | . 53118] .48849| 42 | 151151] .o1968| 3 | -98032| 53 
8 46923 | 4; | .53077] .48804| 42 | .51106| ‘o1971 | 3 | ‘ 98029] 52 
9 46964 | 4; |_.53036| .48039| 42 | .51061| .01975 | 7 |_.98025 | 51 
10 | 9.47005 | 4, |10. 52995 | 9.48984 | 4. |10. 51016 |i0. 01979 | 4 | 9.98021 | 50 
11 47045 | 4° | 52955] .49029) 72 | 50971] .01983| 7 | .98017| 49 
12 47086 | 4; | . 52914] .49073 | 45 | . 50927] .01987| 4 | .98013| 48 
13 47127 | 41 | .52873| .49118| 42 | . 50882] .o1991 | 7 | 98009] 47 
14 47168 | 4; | .52832| .49163 | 49 | .50837| . 01995 | 4 |_.98005 | 46 
15 | 9.47209 | 4. 10. 52791 | 9.49207 | 4, |10. 50703 |10. 01999 | 4 | 998001 | 45 
16 47249 | 4° | .52751| .49252| 49 | . 50748] .02003 | 4 | .97997| 44 
17 47290 | 4 | . 52710] .49296 | 45 | .50704| .02007 | 4 | .97993| 43 
18 47330 | 4° | .52670] 149341 | 42 | .50659| .02011| 3 | .97989| 42 
19 | .47371 | 45 |_.52629| . 40385 | 45 |_.50615 | .02014 | 4 | .97986| 41 
20 | 9.47411 | 4, |10. 52589 | 9.49430 | 4, |10. 50570 10. 02018 | , | 9.97982 | 40 
21 47452 52548 | . 49474 "50526 | . 02022 ‘97978 | 39 
40 45 4 
22 a74o2 | 49 | 152508 | . 49519 | 42 | . 50481} .02026| 4 | 97974] 38 
23 47533 | 4) | .52467| . 49563 | 44 | .50437| .02030 | 4 | .97970| 37 
24 47573 | 49 | 52427 | .49607| 45 | .50303| .02034 | 4 |_.97966 | 36_ 
25 | 9.47613 | 4, |10. 52387 | 9.49652 | 4, |10. 50348 |10. 02038 | , | 9.97962 | 35 
26 | .47654| 44 | 52346] . 49606 | 77 | . 50304 | .02042 | 4 | .97958| 34 
27 | :47604| 4° | :52306] 49740 | 74 | . 50260] .02046 | 4 | .97954| 33 
23 | .47734| 4° | ‘52266 | | 49784) 47 | .50216| .02050 | 4 | . 97950] 32 
29 | 47774 | 4° | ‘52226| | 49828 | 47 | .50172 | 02054 | 4 |_.97946| 31 
30 | 9.47814 | 49 |10. 52186 | 9 49872 | 4, |10. 50128 |10. 02058 | 4 | 9.97942 | 30 
31 | .47854| 49 | ‘52146| . 49916 | 44 | . 50084] .02062| 4 | .97938 | 29 
32 | 47804 | 49 | ‘52106 | :49960| 44 | - 50040] .02066 | 4 | .97934| 28 
33 | .47934| 4° | 52066] ‘50004 | 44 | . 49996 | .02070) 4 | .97930| 27 
34 | .47974 | 49 | ‘52026 | - 50048 | 44 | . 49952 | . 02074 | 4 |_.97926 | 26 
35 | 9.48014 | 49 |10. 51986 | 9.50092 | 4, |10. 49908 |10. 02078 | 4 | 9.97922] 25 
36 | .48054 | 40 | ‘51946 | . 50136 | 44 | . 49864] .02082| 4 | . 97918) 24 
37 | .48004| 4° | ‘51906| .50180| 43 | . 49820] .02086 | 4 | .97914] 23 
33 | .48133| 39 | ‘51867 | .50223| 47 | .49777| .02090 | 4 | .97910| 22 
39 | .48173| 4° | ‘51927| . 50267 | 44 |_.49733 | .02094 | 4 | .97906 | 21 
40 | 9.48213 | 39 |10. 51787 | 9.50311 | 44 |10. 49689 [10 02008 | 4 | 9.97902 | 20 
41 | . 48252 | 38 | 51748 | . 50355 | 43 | . 49645] .02102| 4 | . 97898) 19 
42 | :48292| 49 | ‘51708 | -50398| 44 | .49602| .02106 | 4 | . 97894) 18 
43 | .48332| 49 | ‘51668 | . 50442 | 43 | .49558| .o2110] 4 | .97890) 17 
44 | 48371 | 39 | ‘51629 | 50485 | 44 |_.49515 | . 02114 | 4 |_. 97886 | 16 
45 | 9.48411 | 95 |10. 51589 | 9.50520 | 4 |10. 49471 /10. 02118 | 4 | 9.97882 15 
46 | . 48450 51550} .50572 | 43 | .49428| . 02122) 4 | .97878| 14 
47 | .48490| 4° | :51510| | 50616} 43 | . 49384] .02126 | 4 | .97874| 13 
48 | | 48529 pee "51471 | .50659 | 43 | . 49341] .02130| 4 | . 97870] 12 
49 | .48568| 32 | 151432 | 50703 | 43 |_. 49297 | .02134 | 5 |_. 97866 11 
50 | 9. 48607 10. 51393 | 9.50746 | 45 10. 49254 |10. 02139 | 4 | 9.97861 | 10 
51 | .48647| 49 | .51353| .50789 | 43 | .49211] .02143 | 4 | .97857) 9 
52 | .48686 | 39 | :51314| | 50833 | 45 | .49167| .02147| 4 | .97853| 8 
53 | . 48725 ze "51275 | .50876 | 43 | . 49124] .02151| 4 | .97849) 7 
54 | . 48764 | 39 | ‘51236 | 50919 | 43 |_.49081 | .02155 | 4 |_- Tee : 
55 | 9. 48803 10. 51197 | 9. 50962 10. 49038 {10. 02159 
56 | .48842 | 39 | | 51158 | . 51005 i / 48095 | .02163 | 4 | .97837| 4 
37 | .49881 | 32 | ‘51119| .51048 | 43 | . 48952] .02167| 4 | .97833|) 3 
53 | .48920| 32 | 51080] .51092 | 43 | 48908] .02171 | 4 | .97829) 2 
59 | . 48959 | 32 | ‘51041 ] .51135 |) 45 | .48865| .02175 | 4 | .97825| 1 
60 | 9.48998 | 39 |10. 51002 | 9. 51178 10. 48822 |10. 02179 | * | 9.97821 | 0 
: ; , 
107°> cos Diff sec cot oa tan csc Bia sin «790 
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TABLE 33 


Logarithms of Trigonometric Functions 


cot 


. 48822 
. 48779 
. 48736 
. 48694 
. 48651 


. 48608 
. 48565 
. 48522 
. 48480 
. 48437 


. 48394 
- 48352 
. 48309 
. 48266 
. 48224 


. 48181 
. 48139 
. 48097 
- 48054 
. 48012 


. 47969 
. 47927 
. 47885 
. 47843 
. 47800 


. 47758 
. 47716 
. 47674 
. 47632 
. 47590 


. 47548 
. 47506 
. 47464 
. 47422 
. 47380 


. 47339 
. 47297 
. 47255 
. 47213 
47171 


. 47130 
. 47088 
. 47047 
- 47005 
. 46963 


. 46922 
- 46880 
. 46839 
- 46798 
. 46756 


. 46715 
. 46673 
. 46632 
. 46591 
. 46550 


. 46508 
. 46467 
. 46426 
. 46385 
. 46344 
. 46303 


POR RO ERROR ER OR ROR RRO RE ROR AR RAR RAR OD ARACHR ARAB RAR AA CARAR ARAOR 


Plornwpala~ad8%6 


tan 


nu 
“a 


t 
“I 
pom, 

° 
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TABLE 33 


Logarithms of Trigonometric Functions 


tan iff. cot 


. 51264 10. 48736 | 9. 53697 . 46303 110. 02433 
. 51301 . 48699 . 53738 . 46262 . 02437 
. 51338 . 48662 . 53779 . 46221 . 02442 
. 51374 . 48626 . 53820 . 46180 . 02446 
. 51411 . 48589 . 53861 . 46139 . 02450 


. 51447 10. 48553 | 9. 538902 . 46098 10. 02455 
. 51484 . 48516 . 53943 . 46057 . 02459 
. 51520 . 48480 . 53984 . 46016 . 02464 
. 51557 - 48443 . 54025 . 45975 . 02468 
. 51593 . 48407 . 54065 . 45935 . 02472 


. 51629 10. 48371 | 9. 54106 . 45894 10. 02477 
. 51666 . 48334 . 54147 . 45853 . 02481 
. 61702 - 48298 . 54187 . 45813 . 02485 
. 51738 . 48262 . 54228 . 45772 . 02490 
. 61774 - 48226 . 04269 . 45731 . 02494 


. 51811 10. 48189 | 9. 54309 . 45691 10. 02499 
. 51847 . 48153 . 54350 . 45650 . 02503 
. 51883 . 48117 . 64390 . 45610 . 02508 
. 51919 . 48081 . 54431 . 45569 . 02512 
. 91955 . 48045 . 64471 . 45529 . 02516 


. 51991 10. 48009 | 9. 54512 . 45488 10. 02521 
. 52027 . 47973 . 04552 . 45448 . 02525 
. 52063 . 47937 . 94593 . 45407 . 02530 
. 52099 . 47901 . 54633 . 45367 . 02534 
. 62135 . 47865 . 54673 . 45327 . 02539 


. 62171 10. 47829 | 9. 54714 . 45286 110. 02543 
. 52207 . 47793 . 64754 . 45246 . 02547 
. 52242 . 47758 . 54794 . 45206 . 02552 
. 52278 . 47722 . 64835 . 45165 . 02556 
. 62314 . 47686 . 54875 . 45125 . 02561 


. 52350 10. 47650 | 9. 54915 . 45085 10. 02565 
. 52385 . 47615 . 54955 . 45045 . 02570 
. 62421 . 47579 . 54995 . 45005 . 02574 
. 52456 . 47544 . 55035 . 44965 . 02579 
. 52492 . 47508 . 55075 . 44925 . 02583 


. 52527 10. 47473 | 9. 55115 . 44885 10. 02588 
. 52563 . 47437 . 55155 . 44845 . 02592 
. 52598 . 47402 . 55195 . 44805 . 02597 
. 52634 . 47366 . 95235 . 44765 . 02601 
. 52669 ; . 47331 . 55275 . 44725 . 02606 


. 52705 10. 47295 | 9. 55315 . 44685 10. 02610 
. 52740 . 47260 . 55355 . 44645 . 02615 
. 92775 . 47225 . 55395 . 44605 . 02619 
. 62811 . 47189 . 55434 . 44566 . 02624 
. 52846 . 47154 . 55474 . 44526 . 02628 


. 52881 10. 47119 | 9. 55514 . 44486 110. 02633 
. 52916 . 47084 . 55554 . 44446 . 02637 
. 62951 . 47049 . 55593 . 44407 . 02642 
. 52986 : . 47014 . 55633 . 44367 . 02647 
. 53021 . 46979 . 55673 . 44327 . 02651 


. 93056 ; 10. 46944 | 9. 55712 . 44288 110. 02656 
. 53092 . 46908 . 55752 ‘ . 44248 : 02660 
. 93126 . 46874 . 95791 ; . 44209 . 02665 
. 53161 . 46839 . 55831 . 44169 . 02669 
. 53196 . 46804 . 55870 . . 44130 . 02674 


. 53231 10. 46769 | 9. 55910 . 44090 110. 02678 
. 53266 . 46734 . 55949 . 44051 . 02683 
. 53301 . 46699 . 55989 . 44011 . 02688 
. 53336 . 46664 . 56028 . 43972 . 02692 
. 53370 . 46630 . 56067 . 43933 . 02697 
. 538405 10. 46595 | 9. 56107 : . 43893 10. 02701 


— 


@7 lou nwkaantaoo 
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cos : sec cot ; csc 
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TABLE 33 


Logarithms of Trigonometric Functions 


cos 


sec 


cot 


tan 


csc 


—_ 


oO. . Di 
20 sin os esc fan Diff : Diff 
1 co sec uv cos «159° 
0 | 9.53405 10 % 
oP be 35 |10. 46595 | 9. 56107 
2 ae 35 . 46560 . 56146 39 10. ee 10. 02701 9. 97299 
3 | - 53509 a S025 GOES Ae See |b SE > | 97294 59 
‘53544 |} 35 | a5as6} | 56264 43 te phi 
46456 fo | \Wmnasrze weno27 (5 || Ue eae | ees 
5 | 9.535781 °+ [to n06268 | Va9 pi eesise fon || AS ||) Dee ee 
6 | Pesseis | = . 46422 | 9. 56303 10 202720 | 4 |__x00260 10 ob 
oett 35 |" 46387 |. 56342 | 39 - 43697 |10. 02724 97276 
8 aah 35 16358 /utuboas| os Pee lee. 3 * orort | 84 
“3716 | 34 | * . 56420 star | bla ell be . 97266 
10 Be [ors40284) (0.56459 | So fam 3580 | 02738 | 5 2 30 
1 Pere ret eesti eee a ese 10: 05748 5 97257 |i 
2e 1) is3810 |) oo lam . 56537 os . 02748 | 4 | 9.97252 
12 | . 53819 | 35 | . 46181 | . 56576 EO Wiecs rete oe athe. 4 | o7o4s | 49 
18 | . 53854) 37 | .46146 | | 56615 39 | - 43424 |: 02757 Be eres || oe 
15 | oy |) Mae 2h |iueo6654)| Wo ie 3385 | 02762) 4 | . 1 
i [SRee] a RRR SS) gna, lo oz j | ovat | 
! Bay ie . 567 02771 i 
a) Sram at Ss SPE SS | 130 eee camer 5 | oroo4 | 44 
19; | 454059 | 3° A |b ae A "43100 tee S|) meazeeo 3 
30 ee _ 56849 BO2785,| 05 |) & 
2 ose 34 eae 9. 56887 e Tee ‘Coen i 87210 ti 
pete oa ees 56 . 43113 10. 02794 = 
pee | Paedion | ad aie cne reese |. £39 aleee ee alam iee 5 | 97901 | 39 
bie | eseaeee | 34 ime opie orcs 39 | - 43035 | .02804 | 3 ‘97196 | 38 
25.1 9.54263 | 34 “45771 | 137042 | 38 | <do0sg | goers 4| ‘orig2 | 37 
25 | 9.54263 | 34 10. 45737 | 9. 57081 so [42008 |_ovsia | 3 |_‘oris7 | ac 
pee ae eta aAn70St|Weaziog | mee To. 42919 |10,02818 | > |9.971 36 
oped egetser |. Goo \teeiee places 33 | - 42880] . 02822) 5 “OF178 - 
29 | .54399 | 34 “A5635' |0,57107 | (22 "42842 | 02807 | 5 | ‘orizs | 33 
50 Gense| 34 | A860 | 57285 8 ore leetocees 5 | cores | 33 
30 | 9.54483) 33 [10. 45567 | 9. 57274 So |. 42765 |e02837 | || poztes e- 
Hoh Pera Maile gas) bce 3g | LOMO ONt2s41 > 9.9718 = 
Bo | | 254500 | 34 ])5--45500 Jak 7361 | 13. 42688 |. 02846 | 5 | visa | 29 
ah orem Peery ea ue 33 | - 42649] .02851 | 3 “ora | 98 
Sa Rd ts Ae I oat 4) orgs | 37 
36 | .54635 | 34 10. 45399 | 9.57466 | °° 42572 | 02860 | 5 “97140 26 
36 | .54635 | 35 | . 45365 | . 57504 | 38 10, 42584 |10. 02805 | > |G-o7ig5-| os 
Somilimeseos ||. ot Limeaecener| morose 39 | - 42496 |. 02870 | 4 eoriap lt aa 
Son Macrae (a8 tees) eee ag | (miae457 inewoos74 | © O7138 oe 
tor | Ganatas 34 . 45265 | .57619 | 38 ee 02879 | ° saa = 
41 | eagee’| 33 /20°45231)] 9957658 39 |_-42381 | . 02884 | > “oriié | 31 
42 54836 | 34 .45198 | .57696 | 38 10. 42342 |10. 02889 | ° 9. = 
43 54869 | 33 45164 | .57734 | 38 . 42304 | . 02893 | 4 . 97111 | 20 
nay | Paige |) SS lame art ee 33 | - 42266 | . 02898 | 2 one 
45 | 0.54936 | °° . 45097 | .57810 | 38 ers 02903 | 2 "97097 3 
46. | caece' | a3 (10145064 |i9) S7sa0 39 |_-42190 |_..02908 | > “97002 | 16 
ie, [pace || ba |ee0si) aa o7ea7 | ee i0-42isr {10.0913 | © |-9-ovoer | as 
fot |aebose | 28 tee eee 33 | - 42113 | . 02917 | 5 ee 
Te |) oeeees || a3 eea06s | iepvate | Woe 42075 | | 02922 | 5 “97083 |) TA 
50 barecige| 33. [4081 |. 58001 38 |e te 5 | grorg | is 
Bl | ze1ge | 34 [10 44898 | 9. 58039 3g |_- 41999 | 02932 | ? “9706s | ii 
52 | .55169 | 33 44864 | .58077 | 38 10. 41961 |10. 02937 | > |-9. Sipe 
Bo | | 20168 | | ae TABMASSL |imepsiI5 | Bee 41923 |. 02041 | 4 | *-grosa | '9 
ba |Pisecoax ||) S38 poms tee ee 3g | - 41885 | .02946 | > meee ae 
55 | 9.55268 | °° paaz65 fac. aiol | 825 | \peeereculmenners 5 | prod] = 
Fe |e eoz68 | 33. |10. 44732 | 9. 58220 3g |_- 41809 |. 02956 | ? spaoaaill te 
B7 licensed | 32 | lee gece penser 3g |10. 41771 110. 02961 5 | eee 
58 55367 | 38 . 44666 | . 58304 | 37 41733 | .02965 | 4 rane 5 
2g || “08887 | 33 | e-d4688 |ousgade || 32 “41696 | |02070| 5 | ‘oros0| 3 
00 |lo pease. a3 jp es600 Jinvesago | Bee 41658 | 02975 | 5 | ‘o7o35 | 3 
10. 44567 | 9.58418 | 38 . 41620 | .02980 | ® mee 2 
Dif 10. 41582 }10. 02985 5 . 97020 1 
ae 9.97015 | 0 
Diff t 


sin & 


a 
Y=) 
° 
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TABLE 33 
Logarithms of Trigonometric Functions 
21° sin iy csc tan ap cot sec yy cos <-158° 
v v 
0 9. 55433 33 10. 44567 . 58418 37 10. 41582 10. 02985 5 9. 97015 60 
il . 55466 33 . 44534 . 58455 38 . 41545 . 02990 5 . 97010 59 
2 . 55499 33 . 44501 . 58493 38 . 41507 . 02995 | 4 . 97005 58 
3 . 55532 39 . 44468 . 58531 38 . 41469 . 02999 | 5 . 97001 57 
4 . 55564 33 . 44436 . 58569 37 . 41431 . 03004 5 . 96996 56 
5 9. 55597 33 10. 44403 . 58606 3g_—(|10. 41394 10. 03009 | 5 9. 96991 55 
6 . 55630 33 . 44370 . 58644 37 . 41356 - 038014 | 5 . 96986 54 
i . 55663 39 . 44337 . 58681 38 . 413819 - 08019 | 5 . 96981 53 
8 . 55695 33 . 44305 . 58719 38 . 41281 . 03024 | 5 . 96976 52 
9 . 55728 33 . 44272 . 58757 37 . 41243 . 03029 | 5 . 96971 51 
10 | 9. 55761 392 10. 44239 . 58794 38 10. 41206 |10. 03034 | 4 9. 96966 50 
11 . 55793 33 . 44207 . 58832 37 . 41168 . 03038 | = . 96962 49 
12 . 55826 39 . 44174 . 58869 38 . 41131 . 03043 | 5 . 96957 48 
13 . 55858 33 . 44142 . 58907 37 . 41093 . 03048 | 5 . 96952 47 
14 . 55891 39 . 44109 . 58944 37 . 41056 . 93053 | 5 . 96947 46 
15 | 9. 55923 33 10. 44077 | 9. 58981 38 10. 41019 }10. 03058 | ; 9. 96942 45 
16 . 55956 39 . 44044 . 59019 37 . 40981 . 03063 | 5 . 96937 44 
17 . 55988 33 . 44012 . 59056 38 . 40944 . 03068 | 5 . 96932 43 
18 . 56021 39 . 43979 . 69094 37 . 40906 . 03073 | 5 . 96927 42 
19 . 56053 39 . 43947 . 69131 37 . 40869 03078 | 5 . 96922 41 
20 | 9. 56085 33 10. 48915 . 59168 37 10. 40832 |10. 03083 | 5 9. 96917 40 
21 . 56118 39 . 48882 . 59205 38 . 40795 . 03088 | 5 . 96912 39 
22 . 56150 39 . 48850 . 59243 37 . 40757 . 03093 | 4 . 96907 38 
23 . 56182 33 . 43818 . 59280 37 . 40720 . 03097 5 . 96903 37 
24 . 56215 39 . 43785 . 59317 37 . 40683 03102 | 5 . 96898 36 
25 | °9. 56247 39 10. 48753 . 59354 37 10. 40646 10. 03107 | 5 9. 96893 35 
26 . 56279 392 . 43721 . 59391 38 . 40609 . 03112 | 5 . 96888 34 
27 . 56311 39 . 43689 . 59429 37 . 40571 . 03117 | & . 96883 33 
28 . 56343 39 . 438657 . 59466 37 . 40534 . 03122 | 5 . 96878 32 
29 . 56375 33 . 43625 . 59503 37 . 40497 . 03127 5 . 96873 31 
30 | 9. 56408 39 10. 48592 . 59540 37 10. 40460 ]10. 03132 | 5 9. 96868 30 
31 . 56440 39 . 43560 . 59577 37 . 40423 . 03137 | 5 . 96863 29 
32 . 56472 39 . 43528 . 59614 37 . 40386 . 03142 | 5 . 96858 28 
33 . 56504 39 . 43496 . 59651 37 . 40349 . 03147 5 . 96853 27 
34 . 56536 39 . 43464 . 59688 37 . 40312 03152 | 5 . 96848 26 
35 9. 56568 31 10. 48432 . 69725 37 10. 40275 |10. 03157 5 9. 96843 25 
36 . 56599 39 . 43401 . 59762 37 . 40238 . 03162 | 5 . 96838 24 
37 . 56631 32 . 43369 . 59799 36 . 40201 . 03167 5 . 96833 23 
38 . 56663 39 . 43337 . 59835 37 . 40165 . 03172 5 . 96828 22 
39 . 56695 39 . 43305 . 59872 37 . 40128 503177 | 15 . 96823 21 
40 | 9. 56727 39 10. 43273 | 9. 59909 37 10. 40091 ]10. 03182 | 5 9. 96818 20 
41 . 56759 31 . 43241 . 59946 37 . 40054 . 03187 | 5 . 96813 19 
42 . 56790 32 . 43210 . 59983 36 . 40017 . 03192 | 5 . 96808 18 
43 . 56822 39 . 48178 . 60019 37 . 39981 . 03197 | 5 . 96803 ef 
44 . 56854 32 . 43146 . 60056 37 . 39944 | . 03202 | 5 . 96798 16 
45 | 9. 56886 31 10. 43114 | 9. 60093 37 10. 39907 |10. 03207 | 5 9. 96793 15 
46 . 56917 32 . 43083 . 60130 36 . 89870 . 03212 | = . 96788 14 
47 . 56949 31 . 48051 . 60166 37 . 39834 . 03217 | 5 . 96783 13 
48 . 56980 39 . 43020 . 60203 37 . 39797 . 03222 | 6 . 96778 i) 
49 . 57012 39 . 42988 . 60240 36 . 39760 | . 03228 | 5 __. 96772 ill 
50 9. 57044 31 10. 42956 . 60276 37 10. 39724 }10. 03233 | _ 9. 96767 10 
51 . 57075 39 . 42925 . 60313 36 . 39687 | -. 03238 | 5 . 96762 9 
52 . 57107 31 . 42893 . 60349 37 . 89651 . 03243 | 5 . 96757 8 
53 . 57138 31 . 42862 . 60386 36 . 89614 . 03248 | 5 . 96752 7 
54 . 57169 39 . 42831 . 60422 37 . 89578 03253 | 5 . 96747 6 
55 9. 57201 31 10. 42799 | 9. 60459 36 10. 39541 ]10. 03258 | 5 9. 96742 5 
56 . 57232 32 . 42768 . 60495 37 . 39505 . 03263 | 5 . 96737 4 
57 . 57264 31 . 42736 . 60532 36 . 39468 . 03268 | 5 . 96732 3 
58 . 57295 31 . 42705 . 60568 37 . 89432 . 03273 | 5 - 96727 2 
59 . 57326 . 42674 . 60605 36 . 89395 . 03278 | 5 . 96722 1 
60 9, 57358 32 10. 42642 . 60641 10. 39359 |10. 03283 |_ 9. 96717 0 
: ; : “8 
11 1°> © Diff sec cot oe tan csc we sin <68° 
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TABLE 33 


Logarithms of Trigonometric Functions 


Y 


tan iff. cot 


. 42642 . 60641 . 89359 
. 42611 . 60677 . 89323 
. 42580 . 60714 . 89286 
. 42549 . 60750 . 39250 
. 42518 | . 60786 . 39214 


. 42486 | 9. 60823 oOL Ga 
. 42455 . 60859 . 39141 
. 42424 . 60895 . 39105 
. 42393 . 60931 . 89069 
. 42362 . 60967 . 89033 


. 42331 . 61004 . 38996 
. 42300 . 61040 . 38960 
. 42269 . 61076 . 38924 
. 42238 Oli? . 38888 
. 42207 . 61148 . 38852 


. 42176 . 61184 . 38816 
. 42145 . 61220 . 38780 
. 42115 . 61256 . 88744 
. 42084 . 61292 . 88708 
. 42053 . 61328 . 38672 


. 42022 . 61364 . 38636 
. 41992 . 61400 . 38600 
. 41961 . 61436 . 88564 
. 41930 . 61472 . 38528 
. 41899 . 61508 . 88492 


. 41869 . 61544 . 38456 
. 41838 | . 61579 . 38421 
. 41808 . 61615 . 88385 
-41777 |. 61651 . 88349 
. 41747 . 61687 . 88313 


. 41716 . 61722 . 88278 
. 41686 . 61758 . 38242 
. 41655 . 61794 : . 38206 
. 41625 . 61830 . 38170 
. 41594 . 61865 . 38135 


. 41564 . 61901 . 88099 
. 41533 . 61936 . 38064 
. 41503 . 61972 . 88028 
. 41473 . 62008 . 37992 
. 41443 . 62043 . 87957 


. 41412 | 9, 62079 . 37921 
. 41382 . 62114 . 37886 
. 41352 . 62150 . 37850 
. 41322 . 62185 . 37815 
. 41291 . 62221 . 37779 


. 41261 . 62256 . 87744 
. 41231 . 62292 . 37708 
. 41201 . 62327 . 37673 
. 41171 . 62362 . 37638 
. 41141 . 62398 . 87602 


. 41111 | 9. 62433 . 37567 
. 41081 . 62468 . 37532 
- 41051 . 62504 . 37496 
. 41021 . 62539 . 37461 
. 40991 . 62574 . 37426 
. 40961 . 62609 . 37391 
- 40931 . 62645 . 37355 
. 40902 . 62680 . 37320 
. 40872 . 62715 . 37285 . 96413 
. 40842 . 62750 . 37250 : - 96408 
. 40812 . 62785 . 37215 ; . 96403 


1) 
COIGA) RMS | © 
Re 


96461 


9. 96456 
. 96451 
. 96445 
. 96440 
. 96435 

9. 96429 
. 96424 
. 96419 


DUR MOU BD AAPM AANA D AAARDA MANNA AURA aoa4ag ANAND COHN A Toa» nanacn >) TS) BS) eo) Ton) 


sec cot : tan 


no 
“Fi 


sin 


NP lorPnwwhalaum.s 


t 
a 
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TABLE 33 


Logarithms of Trigonometric Functions 


. 59455 


. 59484 
. 69514 
. 59543 
. 59573 
. 59602 


. 59632 
. 99661 
. 59690 
. 59720 
N59749 


. 59778 
. 59808 
. 59837 
. 59866 
. 59895 


Plorpnwhalrawoc 


t 
i 
> 

° 
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TABLE 33 


Logarithms of Trigonometric Functions 


bpm gap ge pp, eo a a 
24° sin an csc tan as cot sec nr cos «155° 
i 
o | 9. 60931 10. 39069 | 9. 64858 10. 35142 110. 03927 9.96073 | 60 
1 60960 ze 39040 | . 64892 af 35108 | . 03933 . 96067 | 59 
2 60988 | 35 30012 | . 64926 | 34 | . 30074] -03038 | § | | 96062] 58 
4 61045 | 28 38955 qos4 & one aE : heh os 
5 | 9.61073 | 5, /10. 38027 | 9.65028 | 5, |10. 34972 |10. 03955 | § | 9.96045 | 55 
6 - 61101 - 88899 | . 65062 | 3; | . 34038] 03061 | $ | . 96039] 54 
8 | | 61158 oe oye Ih Ove SF pee oe eeets 3 
9 | ‘61186 | 38 38814 | _. 65164 | 33 |_. 34836 | |03978 | § | : 96022] 51 
10 8.51214) 35 10. 38786 | 9. 65197 | 34 |10. 34803 |10. 03983 | § | 9. 96017 | 50 
12 | 61270 | 28 387301 ieeszes| | £24 : mosase (A) |) eacnaet ee 
13 61298 | 38 38702 | .65299 | 34 | °34701 | | 04000 r ee - 
61326 386 wg 
| tiem) ie | came tea | | ste | in| § | cate | 
16 61382 | 28 | |  6E 34 |" 346 ‘oaors | 8 | ; 
ve || Sewets |'\29-| wensasso leaeoace, | 822 | \eeasacccs lpapagne (mm |) aepese: | ees 
18 | 61438 | 2% | ‘ 38562] ‘65467 | 33 | %34533| ‘o4029 | 8 | :osor1 | 49 
19 | | 61466 a 38534 | | 65501 eo "34490 | | 04035 S Spaces a 
20 9. 61494 = 10. 38506 9.65535 | 5 |10. 34465 J10. 04040 | § | 9. 95960 | 40 
22 | (61550 | 28 38450 ees 34 Seiace ee meee oe 
23 | .61578| 28 | ‘38122 ‘65636| 34 | > 34364] lo4oss | 6 | ‘ocean | Se 
24 | | 61606 a 38304 | . 65669 | 33 | | 34331 | | 04063 wees = 
25 9.61634 | 5, 10. 38366 9.65703 | 33  |10. 34207 |10. 04060 |, | 9. 95931 | 35 
27 ||| eieso ||°2? |b! ssa lrnesr7o | 84 | lueaueeo Wemnsono | | eben ee 
28 | .6i7i7 | 38 | | 38283 | ‘65803 | 33 | ‘34107 } ‘osose | © | ‘oroia | se 
29 | | 61745 = 38255 | | 65837 as 34163 | | 04092 " 95908 = 
30 9.01773 a 10. 38227 9. 65870] 4 |10. 34130 |10. 04098 | = |"9. 95902 | 30 
32 | . 61828 | 28 38172 teboa7 33 ee fico 6) |) Beedle 
aa. | se1ase | 28 |“! 3aiae |. abo71 | 34 | <7 34099 bh oats °8 |) copes [loge 
34 | . 61883 | 37 38117 |. 66004 | 33 | | 33996 | | o4121 | © ee oe 
35 9. 91911 es 10. 38089 9.66088 | 33 |10. 83962 [10. 04127 : 9. 95873 | 25 
a || jeives | 22 | \3zosa |oeeiod | 23 |snasage |eeocies | (8 | eee tee 
38 | .61904| 32 | ‘asooe| ‘6ei3s| 34 | :33se2] ‘osisa | 6 | voceee | oe 
30 | . 62021 | 5% | .37979| ‘66171 | 23 | | 33829] | o41s0 | © | <osseo| 37 
40 | 9.62049 | 5. |10.37051 | 9.66204 | °° lyo-33 eel 1/20 
a eds 37051 | 9. 66204) 4 |10. 33796 |10. 04156 | 5 |"9. 95844 | 20 
42 | [62104 | 28 37896 | | 66271 | 38 eee Re? CW eect lee: 
43 ||) e231 | 227 37869: [i 766304 | 122 | feaageoa lmeoat7s | 8S |! agnece Ihe 
4i}|| Weans9 | 28 37841 | | 66337 paced Wereti7a | £¢ “ascot " 
: soai79 |78 |. 3 
45 9.62186 | 9, 10. 37814 9. 00371 33 |10. 33629 10. 04185 | ~ | 9.95815 | 15 
47 | 162941 | 27 37759 [1166437 | ©53 | |agaeed (mamaiog [a0 || toreeu tans 
48 | . 62268] 57 | .37732| | 66470| 33 | ‘33530 | ‘ossoe | 6 | gees | 2 
49 |_. 62296 | 37 | - 37704 | 66503 | 33 | <33497| (04208 | 6 | <gsvon | te 
5 = = = 3 . . hd > ie ¥ 
50 9. 02823 | 9, 10. 37677 9. 66537 | 3 |10. 33463 |10, 04214 9. 95786 | 10 
51 | . 62350 | 37 7650 | . 66570 | 33 | | 33430] . 04220 /95780 | 9 
52 - 62877 a 37623 66603 | 33 | . 33397 | | 04225 | 5 95775 | 8 
5S é 7595 | . 66636 | : a933 | 9576 7 
2 ee a 37568 | | 66669 | 33 33881 pee " a. 6 
5 L 10. 375: + , eae 
Be | % 82459) a7 (10. 37541 9. 66702 33 |10. 33208 [10. 04243] ¢ [9.95757 | 5 
by | .62513 | 32 | ‘37487 | : 66768 | 33 | 33032| ‘oases | 6 | :gosct| 4 
. 62541 | 28 37459 | | 6680 3) pe: 6 | * 9573 
oe 9] | 1 331 0: 
59 | .62568 | 5° | |37432| | 6634) 33 a3i6s | \o4ze7| © | igenss] 2 
. 37405 | 9. 66867 10. 33133 |10. 04272 | © | 9 95798] 0 
Diff ; 
o> co , Diff i t 
114 > Ss il sec cot 1’ tan csc ae sin <65° 


1401 


TABLE 33 


Logarithms of Trigonometric Functions 


¥ 


tan 


— 4 
~ 


9. 62595 F 9. 66867 . 33133 . 04272 
. 62622 d . 66900 . 33100 . 04278 
. 62649 : . 66933 . 83067 . 04284 
. 62676 : . 66966 . 33034 . 04290 
. 62703 ; . 66999 . 33001 . 04296 


9. 62730 L . 67032 . 32968 . 04302 
. 62757 i . 67065 . 82935 . 04308 
. 62784 : . 67098 . 82902 . 04314 
. 62811 : . 67131 . 32869 . 04320 
. 62838 : . 67163 . 82837 . 04326 


9. 62865 f . 67196 . 32804 . 04332 
. 62892 ; . 67229 : . 32771 . 04337 
. 62918 : . 67262 . 82738 . 04343 
. 62945 : . 67295 . 82705 . 04349 
. 62972 ; . 67327 . 82673 . 04355 


. 62999 L . 67360 . 32640 . 04361 
. 68026 . . 67393 . 32607 . 04367 
. 63052 : . 67426 . 82574 . 04373 
. 63079 : . 67458 . 82542 . 04379 
. 63106 ; . 67491 . 82509 . 04385 


. 63133 f . 67524 . 32476 . 04391 
. 638159 A . 67556 . 32444 . 04397 
. 63186 : . 67589 . 32411 . 04403 
. 63213 2 | . 67622 . 82378 . 04409 
. 63239 : . 67654 . 82346 . 04415 


. 63266 } / | 9. 67687 . 32313 . 04421 
. 63292 2 BOGmLS . 32281 . 04427 
. 63319 ; . 67752 . 32248 . 04433 
. 63345 : . 67785 . 82215 . 04439 
. 63372 F . 67817 . 32183 . 04445 


. 63398 ; . 67850 . 82150 . 04451 
. 63425 : . 67882 . 82118 . 04457 
. 63451 : . 67915 . 32085 . 04463 
. 63478 : . 67947 . 32053 . 04469 
. 63504 : . 67980 . 32020 . 04475 


. 63531 ! . 68012 . 31988 . 04481 
. 63557 : . 68044 . 31956 . 04487 
. 63583 : . 68077 . 31923 . 04493 
. 63610 ; . 68109 . 31891 . 04500 
. 63636 : . 68142 . 31858 . 04506 


. 63662 ; . 68174 . 31826 . 04512 
. 63689 ; . 68206 . 31794 . 04518 
. 63715 2 . 68239 . 31761 . 04524 
. 63741 : . 68271 . 31729 . 04530 
. 63767 : . 68303 no lGoT . 04536 


. 63794 : 9. 68336 . 31664 . 04542 
. 63820 f . 68368 . 31632 . 04548 
. 63846 : . 68400 . 31600 . 04554 
. 63872 ; . 68432 . 81568 . 04560 
. 63898 f . 68465 . 81535 . 04566 


. 63924 ! . 68497 . 31503 . 04573 
. 63950 é . 68529 . 31471 | .. 04579 
. 63976 f . 68561 . 31439 . 04585 
. 64002 : . 68593 . 31407 . 04591 
. 64028 : . 68626 . 31374 . 04597 


9. 64054 10. . 68658 . 31342 . 04603 
. 64080 2 . 68690 . 31310 . 04609 
. 64106 t . 68722 . 31278 . 04616 
. 64132 é . 68754 . 31246 . 04622 
. 64158 : . 68786 . 31214 . 04628 

9. 64184 | 9. 68818 . 31182 . 04634 


bo 
OONRHARwWMHO ~ £9} 


— 
j=) 


95434 


9. 95427 
. 95421 
. 95415 
. 95409 
. 95403 
. 95397 
. 95391 
. 95384 
. 95378 
. 95372 

9. 95366 


PloenmnwsalarndM8M>s 


cot : tan csc ; sin 


t 
> 
= 

° 


1402 


TABLE 33 


Logarithms of Trigonometrie Functions 
$a 


csc ; cot 


ho 
° 
v 


CBOIOEAM pBwnmwHoe ~| — OS 


so 


64184 . 35316 . 68818 . 31182 }10. 04634 
. 64210 . 35790 | . 68850 : . 31150 . 04640 
. 64236 . 35764 | . 68882 . 31118 | . 04646 
. 64262 . 85738 | . 68914 . 81086 | . 04652 
. 64288 . 385712 | . 68946 . 31054 . 04659 
. 64313 . 35687 | 9. 68978 . 31022 |10. 04665 
. 64339 . 35661 . 69010 . 30990 | . 04671 
. 64365 . 35635 | . 69042 . 30958 . 04677 
. 64391 . 35609 | . 69074 . 80926 . 04683 
. 64417 . 35583 | . 69106 . 30894 | . 04690 


. 64442 . 35558 . 69138 . 830862 . 04696 
. 64468 . 35532 . 69170 . 80830 . 04702 
. 64404 . 35506 | . 69202 . 80798 | . 04708 
. 64519 . 35481 . 69234 . 30766 . 04714 
. 64545 . 85455 . 69266 . 80734 | . 04721 


. 64571 . 85429 . 69298 . 80702 . 04727 
. 64596 . 35404 | . 69329 . 80671 . 04733 
. 64622 . 35378 | . 69361 . 30639 . 04739 
. 64647 - 85353 . 69393 . 30607 | . 04746 
. 64673 . 85327 . 69425 . 30575 . 04752 
. 64698 . 35302 | 9. 69457 . 30543 . 04758 
. 64724 . 35276 | . 69488 . 80512 . 04764 
. 64749 . 85251 . 69520 ‘ . 80480 . 04771 
. 64775 . 35225 . 69552 . 30448 . 04777 
. 64800 . 35200 . 69584 . 80416 . 04783 


. 64826 5 . 85174 . 69615 . 80385 . 04789 
. 64851 . 35149 | . 69647 . 80353 | . 04796 
. 64877 . 35123 | . 69679 . 30321 . 04802 
. 64902 . 35098 | . 69710 . 30290 | . 04808 
. 64927 . 85073 . 69742 . 80258 . 04815 


9. 64953 . 85047 . 69774 . 30226 . 04821 
. 64978 . 85022 | . 69805 . 30195 . 04827 
. 65003 . 34997 | . 69837 ‘ , 30163 . 04833 
. 65029 . 34971 . 69868 . 30132 . 04840 
. 65054 . 34946 . 69900 : 30100 . 04846 


9. 65079 . 84921 . 69932 ‘ . 80068 10. 04852 
. 65104 : . 34896 | . 69963 . 30037 . 04859 
. 65130 . 34870 | . 69995 . 80005 . 04865 
. 65155 . 84845 . 70026 . 29974 . 04871 
. 65180 ; . 34820 . 70058 . 29942 . 04878 


. 65205 . 34795 . 70089 f . 29911 . 04884 
. 65230 . 834770 . 70121 . 29879 . 04890 
. 65255 9 . 84745 . 70152 . 29848 | . 04897 
. 65281 . 34719 . 70184 . 29816 . 04903 
. 65306 . 34694 | . 70215 . 29785 . 04910 
9. 65331 . 34669 . 70247 . 29753 . 04916 
- 65356 . 34644 | . 70278 . 29722 . 04922 
. 65381 . 34619 | . 70309 - 29691 . 04929 
. 65406 . 34594 | . 70341 . 29659 . 04935 
. 65431 . 34569 | . 70372 . 29628 . 04941 


. 65456 . 34544 | 9. 70404 . 29596 }10. 04948 
. 65481 . 34519 | . 70435 ‘ . 29565 . 04954 
. 65506 . 34494 | . 70466 . 29534 . 04961 
. 65531 . 34469 . 70498 . 29502 . 04967 
- 65556 . 34444 . 70529 . 29471 . 04973 
. 65580 . 34420 . 70560 . 29440 110. 04980 
- 65605 . 843895 . 70592 . 29408 | . 04986 
. 65630 . 34370 | . 70623 . 29377 . 04993 
. 65655 . 34345 . 70654 . 29346 . 04999 
- 65680 - 84320 . 70685 . 29315 - 05005 
. 65705 . 34295 ONG . 29283 . 05012 


. 95065 
. 95059 


9. 95052 
- 95046 
. 95039 
- 95033 
- 95027 


. 95020 
. 95014 
- 95007 
- 95001 
. 94995 
. 94988 


NAAIA NAAM UNBAN BYRBNS DNOOY PATAXD XANMABWN MHBUDW BWBUBWM QDUYKAoS DNIBWAAANAWS 


PlOR NWR AUMm.E 


cos 4 sec cot : tan csc 


= 
yes 


sin 


t 
i 
Ww 

° 


TABLE 33 


Logarithms of Trigonometric Functions 


° a Diff i : 

27 oF sin 1’ csc tan ae cot sec ia cos «152° 
y 
0 | 9.65705 10. 34295 | 9. 70717 10. 29283 |1 
1 | 65729 a 34971 | . 70748 | 3! |’ Soon | Oe ay es a 
2 65754'|| 5° 34246 | .70779 | 3! | > 999913 | 105025 | 7 | | 94975 | 58 
3 65779 34221 | . 70810 | 3! | | 29199 6 
2 Ses s 05031 | 8 | : 94969] 57 
at 2a - 34196 |. 70841 | 35 | .29159| :05038 | 7% | ‘94962 | 56 

10. 34172 | 9. 70873 10. 29127 |10. 05044 

6 65853 oe a2 147|\Oeh7e004 | Se) | ussocest hbiaeost | te 1. vere a 

7 65878 || 57 34122 | . 70935 | 37 | ‘29065 | .05057 | & | ‘94943 ] 53 

8 65902 | 34 34098 | . 70966 | 3) | | 20034 | ‘05064 | . 94936 | 52 
cs : ae a 34073 | . 70997 | 3; | .29003| .05070| $ | ‘94930 | 51 

52 10. 34048 | 9. 71028 10. 28972 io. 
11 65976 ee 34024 | _ 71059 1 "28941 vi ee 6 yi Te ne 
12 66001 | 39 33999 | | 71090 28910 | .05089| & | ‘94911 | 48 
13 66025 | 35 33975 | | 71121 a . 28879 | .05096 | % | . 94904] 47 
re 66050 | 3° 33950 | _.71153 | 3? | | 28847| ‘05102 | & | ‘94898 | 46 
15 | 9.66075 | 5, |10. 33925 | 9. 71184 | 3, |10. 28816 |10. 05109 9.94891 | 45 
16 66099 | 55 33001 | .71215 | 31 | .28785| ‘05115 | 8 | 94885] 44 
17 66124 | 38 33876 | .71246 | 31 | | 28754| ‘05122 | 7 | ‘94878] 43 
18 66148 | 3° a385z [71277 | (8! | /98723 | {705129 | 1b | | o4ri || 42 
19 66173 | 34 33827 | _.71308 | 3; |. 28692] 05135 | $ | ‘94865 | 41 
20 | 9.66197 | 5, |10. 33803 | 9.71339 | 3, |10. 28661 10. 05142 | , | 9.94858 | 40 
21 eee. || Be 33779 | .71370| 31 | .28630| .05148| © | ‘ 94852] 39 
22 66246 | 2° 33754 | | 71401 | 3) | | 28599] | 05155 94845 | 38 
23 66270 | 28 33730 | .71431 | 39 | | 28569 | ‘05161 | 2 | ‘94839 | 37 
24 66295 | 3° 33705 |_.71462 | 3° | .28538| ‘05168 | % |. 94832 | 36 
25 | 9.66319 | 5, |10. 33681 | 9.71493 | 5, |10. 28507 |i0. 05174 | 7 | 9.94826 | 35 
26 66343 | 32 33657 | . 71524 | 3) | .28476| .05181| 4 | 94819 | 34 
27 66368 | 2° 33632 | .71555| 31 | .28445| ‘05187 | > | ‘94813 | 33 
28 66392 | 34 33608 | .71586 | 3) | .28414| ‘05194 | 7 | 94806] 32 
29 66416 | 35 33584 | .71617| 37 | 128383 | ‘05201 | 4 | 94799 | 31 
30 | 9.66441 | 5, |10.33559| 9.71648 | 3, |10. 28352 |10. 05207 | , | 9.94793 | 30 
31 66465 | 5f 33535 | .71679| 3) | .28321| .05214| 2 | : 94786] 29 
32 66489 | 34 33511 | .71709| 3° | | 28201 | ‘05220| 7 | . 94780] 28 
33 66513 | 24 33487 | . 71740} 31 | .28260| ‘05227 | ¢ | 94773] 27 
34 66537 | 35 33463 | . 71771 | 31 |. 28229| | 05233 | 7 | 94767 | 26 
35 | 9.66562 | 5, |10. 33438 | 9.71802 | 5, 10. 28198 |10. 05240 | . | 9.94760 | 25 
36 66586 | 34 33414] . 71833 | 34 | .28167| .05247| 4 | .94753| 24 
37 66610 | 34 33390 | .71863 | 3° | | 28137| .05253| 7 | 94747 | 23 
38 66634 | 34 33366 | | 71894 | 31 | .28106| .05260| 4 | . 94740] 22 
39 66658 | 3/ 33342 | .71925 | 34 | . 28075 | .05266 | 7 |_.94734| 21 
40 | 9.66682 | 5, |10. 33318 | 9.71955 | 3, |10. 28045 |10. 05273 | 7 | 9. 20 
41 66706 | 3. 33294 | .71986 | 3; | . 28014] .05280| ¢ | . 19 
42 66731 | 30 g5260 12172017 | gies | |. evox |. o5o86 | | 18 
43 66755 | 34 33245 | 172048 | 3) | 27952] .05293| 7 | . 17 
44 66779 | 34 gso2d [0172078 | mite | Pee 7922 |!\5asa00 | af | 16 
45 | 9.66803 | 5, |10.33197 | 9.72109 | 5, |10. 27891 |10. 05306) 7 | 9. 15 
46 66827 | 34 aaiza |eeorad | Gey | Lolz7ed 10205813 | pe | 3 14 
47 66851 | 34 33149 |liv72170 | nee | Pee'7as0 |'P) 05220 | ig | | 13 
48 66875 | 54 Ba125 J~)°72201 | 34 | 27799 |'.05326 | 7 | 12 
49 66899 | 53 Bsiol pee72281 | pe, | ley 760 |) 0538 | cy |_| 11 
50 | 9.66922 | 5, |10. 33078 | 9.72262 | 5, |10. 27738 |10. 05340) 4 | 9. 10 
51 66946 | 54 33054 | . 72203 | 3) | .27707| -.05346 | 7 | . 9 
52 66970 | 54 53030 |° 72323 | 20 ©. 27677 |". 05853 | 6 | 8 
53 66994 | 34 33006 | | 72354 | 3) | . 27646] .05360) ¢ | . 7 
54 67018 | 24 32982 | . 72384 | 3° | | 27616 | .05366| 7 | 6 
55 | 9.67042 | 5, |10. 32058 | 9.72415 | 49 |10. 27585 |10. 05373 | 7 | 9. 5 
56 67066 | 34 32034 | . 72445 | 3° | .27555 | .05380| & | - 4 
57 67090 | 53 32910 | | 72476 | 35 | .27524| .05386| 7 | 3 
58 e71i3 | 33 32887 | .72506 | 3° | (27494 | .05393 | 4 | 2 
59 67137 | 24 | | 32863] 72537 | 35 | .27463| .05400 | 7 | 1 
60 | 9. 67161 10. 32839 | 9. 72567 10. 27433 |10. 05407 9. 0 
t : ; : nN 
cos ih sec cot Diff. tan ese its <62° 
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TABLE 33 


Logarithms of Trigonometric Functions 


9. 67161 10. 32839 
. 67185 . 82815 
. 67208 . 82792 
. 67232 . 32768 
. 67256 . 82744 


9. 67280 . 32720 
. 67303 . 32697 
. 67327 . 82673 
. 67350 . 82650 
. 67374 . 82626 


. 67398 10. 32602 
. 82579 
. 82555 
. 82532 
. 32508 


. 82485 
. 82461 
. 32438 
. 82414 
. 82391 


. 32367 
. 82344 
. 82320 
. 32297 
. 82274 
. 82250 
. 82227 
. 32204 
. 82180 
. 82157 


. 82134 
. 82110 
. 32087 
. 32064 
. 82041 


. 32018 
. 31994 
. 31971 
. 31948 
. 81925 


10. 31902 
. 31879 
. 31856 
. 31833 
. 31810 


. 31787 
. 31763 
. 31740 
. 31717 
. 31695 
10. 31672 
. 31649 
. 31626 
. 31603 
. 31580 
. 31557 
. 31534 
. 31511 
. 31488 


. 31466 
9. 68557 . 31443 


t P 
1 18°> cos x sec 


pt FOUN WIRE OUIDWO 


t 
i. 
° 


1405 


TABLE 33 


Logarithms of Trigonometric Functions 


¥ 


tan 


. 74375 ; 10. 05818 
. 74405 : . 05825 
. 74435 ; . 05832 
. 74465 9 . 05839 
. 74494 : . 05846 


. 74524 ‘ 10. 05853 
. 74554 : . 05860 
. 74583 ; . 05867 
. 74613 : . 05874 
. 74643 : . 05881 


. 74673 : 10. 05888 
. 74702 ‘ . 05895 
. 74732 : . 05902 
. 74762 F . 05910 
. 05917 


10. 05924 
. 05931 
. 05938 
. 05945 
. 05952 


10. 05959 
. 05966 
. 05973 
. 05980 
. 05988 


10. 05995 
. 06002 
. 06009 
. 06016 
. 06023 


10. 06030 
. 06037 
. 06045 
. 06052 
. 06059 


10. 06066 
. 06073 
. 06080 
. 06088 
. 06095 


10. 06102 
. 06109 
. 06116 
. 06124 
. 06131 


10. 06138 
. 06145 
. 06153 
. 06160 
. 06167 


10. 06174 
. 06181 
. 06189 
. 06196 
. 06203 
10. 06211 
. 06218 
. 06225 
. 06232 . 93768 
. 06240 . 93760 
10. 06247 . 93753 


9. 94182 
. 94175 
. 94168 
. 94161 
. 94154 


9. 94147 
. 94140 
. 94133 
. 94126 
. 94119 


9. 94112 
. 94105 
. 94098 
. 94090 
. 94083 


. 94076 
. 94069 
. 94062 
. 94055 
. 94048 


. 94041 
. 94034 
. 94027 
. 94020 
. 94012 


. 94005 
. 93998 
. 93991 
. 93984 
. 93977 


. 93970 
. 93963 
. 93955 
. 93948 
. 93941 


. 93934 
. 93927 
. 93920 
. 93912 
. 93905 


. 93898 
. 93891 
. 93884 
. 93876 
. 93869 


9. 93862 
. 93855 
. 93847 
. 93840 
. 93833 


9. 93826 
. 93819 
. 93811 
. 93804 
. 93797 | 
- 93789 
. 93782 
. 93775 


|) 
OWNS) PWNHO ~ £6 


M10 SISTA CO STATO NT SINT AIOO NT SINTON SINIOONINT NININIONNT SININININT NIOONTNING NININININT NINIOONTNT NININININT NNININTNG 


PloepnweaauMmse 


sin 


t 
a 
S 

° 
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Logarithms of Trigonometric Functions 


sec 


30° sin a csc cos «149° 
y 
0 | 9. 69897 10. 30103 
a . 93753 | 60 
|} Bepoi9 | °s5 | lasescosi . 93746 | 59 
2 | .69941/ 355 | . 30059 93738 | 58 
3 | . 69963] 3° - 30037 . 93731 | 57 
4 |_.69984| $5 | . 30016 . 93724 | 56 
5 | 9. 70006 10. 29994 q 
6 | . 70028 a "29972 ue a 
7 70050 | $5 | . 29950 . 93702 | 53 
8 70072 | $7 _ 29928 . 93695 | 52 
9 70093 | $5 |_ 29907 - 93687 | 51 
10 | 9.70115 | 55 |10. 29885 93680 | 50 
11 70137 | 55 | . 29863 93673 | 49 
12 70159 | $5 29841 93665 | 48 
13 70180 | 35 - 29820 - 93658 | 47 
14 70202 | 55 . 29798 93650 | 46 
15 | 9.70224 | 5) |10. 29776 93643 | 45 
16 70245 | $5 29755 93636 | 44 
17 70267 | 35 _ 29733 93628 | 43 
18 70288 | 35 29712 93621 | 42 
19 70310 | $5 |. 29690 93614 | 41 
20 | 9.70332] 5, |10. 29668 93606 | 40 
21 70353 | 55 | . 29647 93599 | 39 
22 70375 | $4 . 29625 - 93591 | 38 
23 70396 | 35 . 29604 93584 | 37 
24 70418 | 57 | . 20582. 93577 | 36 
25 | 9.70439 | 55 |10. 29561 93569 | 35 
26 70461 | 32 - 29539 93562 | 34 
27 70482 | 55 | . 29518 93554 | 33 
28 70504 | 52 _ 29496 93547 | 32 
29 70525 | $5 |_ . 29475 93539 | 31 
30 | 9.70547] 5, |10. 29453 93532 | 30 
31 70568 | 35 | 29432 93525 | 29 
32 70590 | 54 29410 93517 | 28 
33 70611 || :55 _ 29389 - 93510 | 27 
34 70633 | 34 . 29367 93502 | 26 
35 | 9.70654 | 5, |10. 29346 93495 | 25 
36 70675 | $0 _ 29325 - 93487 | 24 
37; 70697 | 3 - 29303 93480 | 23 
38 70718 | 51 _ 29282 93472 | 22 
39 70739 | 35 _ 29261 93465 | 21 
40 | 9.70761) 5, |10. 29239 93457 | 20 
41 70782 | 31 _ 29218 93450 | 19 
42 70803 | 51 29197 / 93442 | 18 
43 70824 | 55 29176 93435 | 17 
44 70846 | 3? 29154 -93427 | 16 
45 | 9. 70867 91 |10. 29133 93420 1 
46 70888 | 31 29112 - 93412 a 
47 | . 70909] 55 | | 29091 - 93405 | 13 
48 | 70981 | 57 | . 29069 . 93397 | 12 
9 70952 | 31 - 29048 - 93390} 11 
eo 9.70973 | 4, |10. 29027 93382. 10 
2 70994 | 3; | . 29006 93375 | 9 
b2 2018 |) Ge . 28985 - 93367 8 
53 71036 | $5 | . 28964 - 93360 7A 
71058 | 55 |. 28942 93352 | 6 
55 | 9.71079 | 5, |10. 28021 
oe ae 23021 . 93344 5 
ps Pay - 28900 . 93337 4 
58 71142 | 21 | ° oggss g2e02 || 
59 71163 a - 28837 Paneee ‘ 
9. 71184 : e : 
. 10. 28816 . 93307 0 
, 


sin 


t 
On 
Y=) 

° 


TABLE 33 


Logarithms of Trigonometric Functions 
Vc 
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31°- sin as ese tan ee cot sec ee cos -148° 
v L 
0 | 9.71184 | 9, /10. 28816 | 9.77877 | 99 |10. 22123 |10. 06693 | g | 9.93307] 60 
1 71205 28795 | . 77906 22094 | | 06701 "93299 | 59 
21 29 8 
2 7226 | 2t 28774 | . 77935 | 29 22065 | .06709 | § | . 93291 | 58 
3 A247, | ot 28753 | | 77963 | 38 22037 | 106716 | ¢ | .93284| 57 
4 71268 | 21 28732 | _. 77992 | 29 22008 | 06724 | 8 | | 93276 | 56 
5 | 9. 71289 10. 28711 | 9. 78020 10. 21980 |10. 06731 93269 | 55 
21 29 8 
6 ma107 || 2 28690 | 78049 | 28 21951 | .06739| 8 | . 93261 | 54 
7 gael aes 28669 | . 738077 | 38 21923 | .06747 | 8 | 193253 | 53 
8 mab] 2s 28648 | 78106 | 29 21894 | 106754) § | 193246 | 52 
9 “ave. 3) 28627 | | 78135 | 22 21865 | .06762 | § | 93238 | 51 
10 | 9.71393 | 5, |10. 28607 | 9.78163 | 5, |10. 21837 |10. 06770 | > | 9. 93230 | 50 
il miaia.| 2! 28586 | . 73192 | 29 21808 | .06777| £ | .93223| 49 
12 71435 | 31 28565 | . 73220 | 28 21780 | .06785 | 8 | 93215 | 48 
13 71456 | 31 28544 | . 78249 | 29 21751 | .06793 | 8 | | 93207] 47 
14 71477 | 31 PEb2an PRON TSZTT. |o ae 21723 | .06800| § | .93200| 46 
15 | 9.71498 | 5, |10. 28502 | 9. 78306 | 5, /10. 21604 10. 06808 | ¢ [9.93192 | 45 
46: |i crrisio |. 21 28481 | . 78334 | 28 21666 | .06816 | 8 | . 93184] 44 
ie |i worse. |" 2° 28461 | . 78363 | 39 21637 | .06823 | { | 193177] 43 
ig | .71560| 2! 28440 | . 78301 | 38 21609 | . 06831 | 8 | . 93169] 42 
19; |) wvaser.| 2t 28419 | . 78419 | 38 21581 | .06839 | § | .93161| 41 
20 [9.71602 | 5, |10. 28398 | 9.78448 | 5, |10. 21552 |10. 06846 | . | 9.93154 | 40 
Bre (ievmacz2) 2") fevcesa7s |sacrsare | 028 21524 | .06854 | & | | 93146} 39 
22 71643 | 21 28357 | . 78505 | 3) 21495 | . 06862 | § | | 93138] 38 
23 71664 | 21 28336 | . 78533 | 38 21467 | . 06869 | § | | 93131 | 37 
24 71685 | 3) 28315 |_. 73562 | 3? 21438 | 06877 | § | . 93123 | 36 
25 | 9.71705 | 5, |10. 28205 | 9.78590 | 5, |10. 21410 |10. 06885 | 7 | 9.93115 | 35 
26 maqon.|) ot SDT Lt WORTSBIBs) eo 21382 | .06892| 2 | . 93108] 34 
27 71747 | 21 28253 | . 78647) 32 21353 | .06900 | 8 | 193100] 33 
28 71767 | 20 28233 | 78675 | 38 21325 | 06908 | § | .93092| 32 
29 71788 | 31 28212 | . 78704 | 3? 21296 | .06916 | § | . 93084] 31 
30 | 9.71809 | 5, |10. 28191 | 9.78732 | 5, |10. 21268 |i0. 06923 | , | 9.93077 | 30 
31 7ig29,|) 2) 28171 | .78760 | 38 21240 | .06931 | 8 | . 93069] 29 
32 zis50.| 33 28150 | . 78789 | 32 21211 | . 06039 | § | 93061 | 28 
33 7870,|\ 2 28130 | . 78817 | 58 21183 | /06947 | 8 | 
34 rag1.|) 2! 28109 | . 73845) 38 21155 | . 06954 | % |. 93046 as 
78874 10. 21126 |10. 06962 93038 
36 | 71032 | 2) |'” 23068 | 78002 | 28 |". d1008 |". oso70 8 | 93030 | 24 
37 | .71952| 29 23048 | . 78930) 28 21070 | .06978 | 8 | .93022| 23 
38 | .71973 | 2 28027 | . 78959 3 21041 | . 06986 | 8 | . 93014] 22 
39 | 171994 | 2) 28006 | . 78987 | 353 | .21013| . 06993 | 2 | . oy Z 
79015 10. 20985 |10. 07001 ; 
41 |” 42034 | 20 |'” d4966 |. 79043 | 28 |. 20957 |. o7009 8 | ‘92991 | 19 
42 | 172055| 2) | ‘27945| | 79072 | 29 | :20028| ‘07017| 7 | .92983| 18 
43 | .72075| 20 27925 | . 79100 3 20900 | :07024) 2 | .92976| 17 
44 | . 72096 | 2) 27904 | .79128 | 38 |. 20872 arabs So |e us ie 
10. 20844 10. 070 9. 
46 | raia7 | 2) |'° 37803 | 79185 | 22 |. 20815 |. 0704s 8 | “:92952 | 14 
47 | 172157 | 20 27843 | _79213| 28 20787 | .07056 | 8 | . 92944] 13 
48 | .72177| 20 27823 | . 79241 a 20759 | .07064| 3 | .92936| 12 
49 | .72198| 2° | \27802| .79269| 52 |_.20731 ane zai a “ 
92 10. 20703 }10. 0 
st | yoass | 20 |'° dtreo |” 70336 | 22 |: 20674 | - 07087 8 | 92913] 9 
52 | .72259| 21 27741 | . 79354 | 28 20646 | .07095| 8 | .92905| 8 
53 | . 72279 | 20 27721 | . 79382 20618 | . 07103 | g | 92807 | 7 
54 | . 72209 | 2° 27701 | .79410 | $3 2508 ¥ oa Al oe : 
9. 794 10. 205 
36 | 72340 | 20 |'° S4e60 | foaee 28 | 20534 | .07126| 2 | . 92874] 4 
57 | . 72360 | 22 27640 | .79495 | 22 20505 | |07134| 8 | . 92866] 3 
58 72381 | 21 27619 | _ 79523 | 28 20477 | .07142| 8 | .92858| 2 
20 "79551 | 28 20449 | _ 07150 92850] 1 
59 | .72401| 20 | ‘27599 - oat 188 150 | areal) ies 
60 | 9. 72421 ‘|10. 27579 | 9. 79579 10. 20421 }10. 07 oe. 
t ; Dif). 
121° cos De sec cot sie tan ese 1 sin <58° 
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TABLE 33 


Logarithms of Trigonometrie Functions 


Or 
° 
¥ 


CONR®aRwmHo |} — NO 


cot cos <147° 
v 


9. 92842 
. 92834 
. 92826 
. 92818 
. 92810 


. 92803 
. 92795 
. 92787 
. 92779 
. 92771 


. 92763 
. 92755 
. 92747 
. 92739 
. 92731 


. 92723 
. 92715 
. 92707 
. 92699 
. 92691 


. 92683 
. 92675 
. 92667 
. 92659 
. 92651 


. 92643 
. 92635 
. 92627 
. 92619 
. 92611 


. 92603 
. 92595 
. 92587 
. 92579 
. 92571 


. 92563 
. 92555 
. 92546 
. 92538 
. 92530 


. 92522 
. 92514 
. 92506 
. 92498 
. 92490 


. 92482 
. 92473 
. 92465 
. 92457 
. 92449 


. 92441 
. 92433 
. 92425 
. 92416 
. 92408 


. 92400 
. 92392 
. 92384 
. 92376 
. 92367 
. 92359 


. 20421 

. 20393 . 07166 
. 20365 . 07174 
. 20337 | . 07182 
. 20309 . 07190 


. 20281 . 07197 
. 20253 . 07205 
. 20224 . 07213 
. 20196 . 07221 
. 20168 . 07229 


. 20140 . 07237 
. 20112 . 07245 
. 20084 . 07253 
. 20056 . 07261 
. 20028 . 07269 


. 20000 . 07277 
- 19972 . 07285 
. 19944 . 07293 
. 19916 . 07301 
. 19888 . 07309 


. 19860 . 07317 
. 19832 . 07325 
. 19805 . 07333 
5 ID . 07341 
. 19749 . 07349 


. 19721 . 07357 
. 19693 . 07365 
. 19665 . 07373 
. 19637 . 07381 
. 19609 . 07389 


. 19581 . 07397 
. 19553 . 07405 
. 19526 . 07413 
. 19498 . 07421 
. 19470 . 07429 
. 19442 . 07437 
. 19414 . 07445 
. 19386 . 07454 
. 19358 . 07462 
. 19331 . 07470 


. 19303 . 07478 
. 19275 . 07486 
. 19247 . 07494 
. 19219 . 07502 
. 19192 . 07510 


. 19164 . 07518 
. 19136 . 07527 
. 19108 . 07535 
. 19081 . 07543 
. 19053 . 07551 


. 19025 . 07559 
. 18997 . 07567 
. 18970 . 07575 
. 18942 . 07584 
. 18914 . 07592 


. 18887 . 07600 
. 18859 . 07608 
. 18831 . 07616 
. 18804 . 07624 
. 18776 . 07633 
. 18748 . 07641 


= 


00 000000 COW OOM WMWMMD WDHMMMH WDNMHNOM WMMMM WMMMOMH WMHMMMHO 00 00 00 00 0D 00 00 00 00 00 00 00 00 00 00 ~700 KH 00 


FPlorpnwhalauM© 


tan esc : sin 


t 
1S} | 
NI 
° 
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TABLE 33 
Logarithms of Trigonometric Functions 
EE saa 
9 Diff Di 
33 > ~~ sin 1! esc tan “ny cot sec ak cos -146° 
/ Y 
0 | 9.73611 10. 26389 | 9, 81252 10. 18748 |10. 076 
1 73630 | 3? 26370 | | 81279 | 24 feo uleworgia 1S a) egestas 
2 73650 | 20 26350 | | 31307) 38 18693 | _07657 | 8 | | 92343| 58 
3 73669 | 40 26331 | | 81335 | 28 13665 | .07665 | 8 | | 92335 | 57 
‘ : 73689 :. 26311 | 81362 | 5% | . 18638] 07674 | 2 | | 92326 | 56 
8 10. 26292 | 9. 81390 10. 18610 |10. 07682 
GH erree7 || an, 2er7s |orsiais | 22) | a95a2 |. 07690 | & | 92310 | 34 
7 73747 | 70 26253 | 81445 | 27 18555 | .07698 | & | | 92302| 53 
8 73766 | 10 26234 | .81473 | 28 18527 | .07707 | 2 | .92203| 52 
p : 778 iG 26215 | |81500 | 22 13500 |_.07715 | & |. 92285 | 51 
05 10. 26195 | 9. 81528 10. 18472 |10. 07723 
Gt §| feyee21!| oh, |oS@e17e |e eisse |ae: |e .t8a44 | “vo7731 |. 8 92269 | 49 
12 73843 | 1? 26157 | 81583 | 24 18417 | .07740| 2 | | 92260] 48 
13 73863 | 70 26137 | .8i6i1 | 28 18389 | 07748 | 8 | | 92952| 47 
14 : 7882 26118 | 81638 | 22 18362 |_.07756 | 8 |_\ 92244] 46 
1 01 10. 26099 | 9. 81666 10. 18334 |10. 07765 2 
16 73921 | 20 26079 | . 81693 a 18307 | .07773 | 8 a Ve 
17 73940 | 18 26060 | . i721 | 38 18279 | _07781 | 8 | | 92219] 43 
18 73959 | 18 26041 | .81748 | 22 18252 | _07789 | 8 | | 92211 | 42 
19 rere 26022 | .81776 | 28 13224 |_| 07798 | 2 .|_: 92202 | 41 
0 | 9. 73997 10. 26003 | 9. 81803 10. 18197 |10. 07806 9.92194 | 40 
21 74017 a 25983 | . 81831 | 3° 18169 | .07814| 8 | .92186| 39 
22 74036 | 10 25964 | | 81858 | 3% 18142 | _07823| 2 | 92177] 38 
23 74055 | 18 25045 | . 81886 | 38 18114] .07831 | 8 | .92169| 37 
24 74074 | 12 25926 | . 81913 | 3% 13087 | .07830 / 8 | ‘92161 | 36 
25 | 9.74093 | 59 |10. 25907 | 9. 81941 | 5, |10. 18059 |10. 07848 9.92152 | 35 
26 || 4i74i13 | 70 25887 | .81968| 24 | .18032| .07856 | § | /92144] 34 
Bri) serais2 | 19 25868 | 81996 | 35 18004 | .07864| 8 | | 92136| 33 
23 | 74151 | 18 25849 | . 82023 | 3% 17977 | 07873 | 2 | .92127| 32 
29 | 74170 | 18 25830 | .82051 | 28 17949 |. 07881 | 8 | 92119] 31 
30 | 9.74189 | 59 |10.25811 | 9.82078 | 5, |10. 17922 |10. 07889 9.92111 | 30 
Ste} 114208 | 5547 1!225792 |'-82106 |~ 25 17804 | .07808| 2 | . 92102] 29 
32 pia2T:| ae 25773 | . 82133 | 2% 17867 | .07906 | 8 | . 92094] 28 
33 74246 | 18 25754 | . 82161 | 35 17839 | :07914| 8 | ‘92086 | 27 
34 74265 | 12 25735 | . 82188) 37 17812 | 107923 | 2 | .92077| 26 
35 | 9.74284 | 9 |10. 25716 | 9. 82215 | 5, |10.17785 |10. 07931 | 9 | 9. 92069 | 25 
36 | .74303 | 18 | -95607| .82243| 38 | .17757| .07940| 2 | . 92060] 24 
ey it aetiga2)| (19 25678 | . 82270 | 3. 17730 | 107948 | 8 | ‘ 92052] 23 
38 | .74341 | 18 25659 | . 82208 | 35 17702 | :07956 | 8 | | 92044] 22 
39 | .74360 | 18 25640 | . 82325 | 3. 17675 | .07965 | 2 | | 92035 | 21 
40 | 9.74379 | 59 |10. 25621 | 9. 82352 | 9 |10. 17648 |10. 07973 | g | 9.92027 | 20 
41 | . 74308 | 18 25602 | . 82380 | 28 | .17620| .07982| 2 | . 92018] 19 
42 74417 | 18 25583 | .82407| 2% | .17593| - 07900 | § | . 92010] 18 
43 74436 | 18 25564 | . 82435) 28 | (17565 | 07008 | § | . 92002] 17 
44 74455 | 12 25545 | .82462 | 2% | .17538| . 08007 | 2 |_.91993 | 16 
45 | 9.74474 | 19 |10. 25526 | 9.82489 | 59 [1017511 |10. 08015 | g | 9.91985 | 15 
46 | .74493| 19 | 25507 | : 82517) 57 | . 17483] 08024 | 3 | . 91976] 14 
a7 | 174512 | 19 | ‘25498 ] | 82544 | 54 17456 | .08032 | 8 | 91968] 13 
48 | 174531 | 19 | ‘95469 | . 82571 | 95 17429 | 08041 | 2 | 91959] 12 
49 | 174549} 18 | (95451 | . 82599 | 57 17401 | 08049 | § | . 91951 | 11 
50 | 9.74568 | 44 |10. 25432 | 9.82626 | 5, |10. 17374 |10. 08058 | g | 9. 91942 | 10 
51 | .74587| 18 | 25413] ‘82653 | 52 | .17347| .08066 | g | .91934] 9 
52 | .74606 | 1° 25304 | . 82681 | 28 | .17319| 08075) 3 | .91925] 8 
53 | 74625 | 1? 25375 | .82708| 2/ | .17292| .o80s3| 9 | .91917| 7 
54 | . 74644 | 1? 25356 | . 82735 | 24 | .17265| . 08092 | § | .91908| 6 
55 | 9.74662 | 44 |10. 25338 | 9.82762 | 5, |10 17238 [10 08100 | 4 | 9.91900] 5 
56 | .74681 | 12 | . 25319 | . 82790] 5° | 17210} .0gi09) g | 91891] 4 
57 || Sar4vo0 | 25 25300 | . 82817 | 5. 17183 | os117| 8 | . 91883] 3 
58 | .74719 | 12 25281 | . 82844 | 3. 17156 | .08126 | 2 | .91874] 2 
59 | .74737| 18 | (95963 | | s2871| 32 | .17129] .08134| 9 | . 91866) 1 
60 | 9. 74756 -j10, 25244 | 9. 82809 | 78/10. 17101 10. 08143 9.91857 | 0 
; t 
123°> cos A sec cot re tan ese re sin <56° 
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TABLE 33 
Logarithms of Trigonometric Functions 


a a SS SSS SSS SSS 


34° sin De csc tan ee cot sec ee cos -145° 
¥ 
0 | 9.74756 | 9 |10. 25244 | 9, 82899 10. 17101 |10. 08143 9.91857 | 60 
l TAT75 ig | . 25225 |. 82926 a -17074 | . 08151 . ‘91849 | 59 
3 T1812 i Cae io sh ae aiciee : ong ee = 
-25169 | .83008 | 28 | | 146992] | osi77 91823 | 56 
19 Dia : : 
5 9. 74850 1g /10. 25150 | 9.82035 | 57 |10. 16965 |10. 08185 : 9.91815 | 55 
7 | | 74887 | 19 ie ee 27 ane oe 8 Reh a 
8 | | 74906 is 25094 | | 83117 = "16883 | 108211 | 2 | * 91789 S 
9 | . 74924 | 15 | . 25076 | . 83144) 27 | | 16856 | . 08219 "91781 | 51 
10 9. 74948 if 10. 25057 9.83171 | 5, |10. 16829 |10. 08228 | 4 | 9.91772 | 50 
i |} bazsos0 | 42) (PEospoe betssoos (2% Meee einer cen lO8 | cee ee 
13 |. 74999 2 25001 | | 83252 = "16748 | | 08254 siete A 
"75017 24983 | | 83280 16720 | | 08262 : 
7 es So. hake? S| 91738 | 46 
15 | 9.75036 10. 24964 | 9. 83307 10. 16693 |10. 08271 7 
7 a ae on, Le 9.91729 | 45 
16 75054 aS . 24946 $3334 97 | -16666| .08280| 2 | (91720| 44 
is | .75091| 48 | ° 24909 | | 933g8 | 27 Lee Cn o | eens logs 
19 |. 75110 | 12 | ‘24890 | | 83415 a "16585 | | 08305 : She 4 
20 | 9.75128 10. 24872 | 9.83442 | ~! Ho. 16958 |i 
T6123") 1.) 10 834 16558 {10. 08314 9. 91686 | 40 
21 5147 i 24853 - $3470 = 16530 | . 08323 : 91677 | 39 
23. | aemsise | 19 eecoasig [yieanog (MOT eet aee ae ecole 
2A | .006202'| 73 |v24708) [bb 83551 alt 16449 | | 08349 : ey es 
25 | 9. 75221 10. 24779 | 9. 83578 10. 16422 7 916: 
2 ig |10. 247 57! 110: 10. 08357 9.91643 | 35 
26 75239 | 19 24761 - $3605 27 | - 16395 | .08366 | 9 | ‘91634 | 34 
23 | .75276| 18 | ° 54704 | “saesq | 27 ea ee 8 | ete 
29 | | 75294 . 24706 | | 83686 * /16314 | . 08392 | 2 ee a 
i 6 " 08392 nf 
30 9. 75313 ig |10. 24687 | 9. 83713 | 5. |10. 16287 |10. 08401 9.91599 | 30 
Sl | . 75331 | 15 24669 83740 | 4 | . 16260] - 08409 | § | 91501 | 29 
33 | | 75368 . 24632 Seley 27 Ho eee 9 peepee oo 
84 |. 75386 | 1) |. 24014 |_| 83822 oo "16178 | | 08435 "91365 | 26 
35 9. 75405 1g |10. 24595 | 9. 83849] 5° /10. 16151 }i0. 08444 | 9 | 9. 91556 | 25 
86 | 75423 | 1 £24577 . $3876 37 | -16124| .08453| 9 | °91547| 24 
38 | .75459 | 18 | | 94541 | ‘93930 | 27 orn ee BP see 
39 | _.75478 | 38 |. 24522 | 83057 | 2% | < 46043 |, -0sa79 | 2 | commen | os 
7 3 on. 488 08479 | 2 |_ ‘91 
40 9. 75496 10. 241504 9. 88984 97 10. 16016 |10. 08488 | 5 | 9.91512 | 20 
42 | c75533'| 12 [orgaaer | agaoas | 27 Vi cipoas damessos [22 | Seis | ae 
43 | .75551| 18 | : 24449] | 84065 | 27 | ° 15935 Seeeia (62 Ae anes ke 
a . 75569 | 33 | . 24431 | | 84092 = "15908 | _ 08523 3 "91477 is 
9. 75587 10. 24413 | 9. 84119 10. 15881 |10 . 
i 75587 | 1 9.84119 | 5, 10. 08531 9.91469 | 15 
ar | .2eegh | 19 | 34898 | 8416) 37 | 15854 |< 08540 | § | “ora | 14 
43 | 75642 18 | ‘24358 | ‘84200| 27 | -iss00] cosess | 2 | 7haad| 28 
49 | .75660 | 18 | | 24340 | | 84297 3, | .15773 | 108567 | 2 pie a 
= Be ; = 7 . wAD x 8 . 
50 9. 75678 i 10. 24322 9. 81254 sé 10. 15746 10. 08575 | 4 | 9.91425 | 10 
52 | .75714| 18 | 124986 | 184307) 27 | ° 15693 ee o: | eon ee 
53 | | 75733 24267 | 84334 | 27 | ‘15666 | \oseo2 | 2 | <oiges| 9 
_B4_| set5761 | 98) ifvie2anag |esgage1 2” ‘|enraceap |ansonoit |? | froqsgo | ae 
55 | 9. 75760 10. 242 "7015612 |i0, ee 
58 | .75787 | 18 | :oanva | gaze | 27 | RBGLE |EO-08619 |g | Sols | 
57 75805 : 24195 84442 | 52 | 715558 | | 08637 AG 3 
' 7] . 84469 15531 08646 2 
59 | 375841 | 18 24159 | . 84496 | 27 S| ee aa 
7 ig | -24159| .84496 | 27 | | 15504 | | os65s 91345 | 1 
60 | 9.75859 10. 24141 | 9. 84523 | 2” |10, 15477 |10. 08664 | 9 | 9.91396] 0 
Diff Diff Diff t 
e 


124°> cos 


sec 


cot 


tan 


csc 


sin 


On 
On 
° 


TABLE 33 


Logarithms of Trigonometric Functions 
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35°> sin a csc tan ea cot sec gs cos «144° 
v Y 
0 | 9. 75859 10. 24141 | 9, 84523 10. 15477 |10. 08664 9.91336 | 60 
1 75877 | 18 | 94193} .84550| 27 | 115450) .os672 | 8| 91398] 59 
2 75895 | 18 24105 | |84576 | 26 15424 | .08681 | 2 | ‘91319 | 58 
3 75913 7" 24087 | | 84603 af "15397 | | 08690 | 91310] 57 
4 75931 | jg | . 24069] . 84630 | 37 | .15370| |o8699| 9) | 91301| 56 
5 | 9.75949 | 1, [1024051 | 9.84657 | 5, |10. 15348 |10. 08708 | 4 | 9.91292 | 55 
6 75967 | } . 24033 | . 84684] 34 | 15316} 08717) 3] . 91283] 54 
g5 | 18 24015 | | 84711 15289 | | 08726 91274] 53 
Q oe 23997 | | 84738 a . 15262 | . 08734 | 8 - 91266 52 
eng (AS og a ee eee 
11 76057 ‘3 23943 |. 84818 a "15182 08761 : - 91339 49 
= ede “3 25007 ayes ah aeict 08779 91221 47 
i foaee| © hogesrr tear] 2° leaeerto oe)? poet 
16 | . 76146 A 23854 | . 84952 15048 08806 3 91194 it 
= as 18 ee ete ab pig! ey A "91176 | 42 
19 | . 76200 2 23800 | . 85033 | 3% | . 14967 | | 08833 | 9 Lal - 
20 | 9. 76218 10. 23782 | 9. 85059 10. 14941 |10. 08842 | | 9. 
21 | . 76236 a3 23764 | . 85086 “i 14914 08851 : . 91149 39 
ol eee ES ae pesite 27 as 0886s | 2 | | 91132) 37 
aay | eee 8 Ys, act Aan : 1132 | 37 
me | wiveneo | Vio! ow2a7ii [ecissiee | 20) | 14934 |oa08s77 |) 9 bee EL 
25 | 9. 76307 10. 23693 | 9. 85193 10. 14807 |10. 08886 | 4 | 9.9 
26 | . 76324 a ‘23676 |. 85220 a - 14780 08895 - 91105 34 
23 | .76360| 18 | <d30a0| \89273| 26 | <ta7o7] cosois | 9| <orosr | 33 
28 | 76360 | } "9 oe, We 9 | - 91087 | 32 
29 | | 76378 23622 |. 85300 | 3% | .14700| .08022| 3] .9 
30 | 9.76395 | 1 |10. 23605 | 9. 85327 | 5. |10. 14673 |10. 08931 | 4 9. 91069 30 
a1 | .76413| 1% | .23587] .35354| 2% | 14646 08940 9 | + 91060 | 29 
33 | .7eais| 17 | ‘d3052| ‘ssior| 27 | :14503| \ososs | 9| <otos2 | 27 
a peace 2 I ae oe 14566 | . 08967 i 91033 | 26 
35 | 9. 76484 17 oe Ss 27 ee es 9 erates a 
36 | .76501| Tt, | . 234 toe 86 | g| . 91014) 24 
37 | | 76519 23481 | . 85514 | 27 | | 14486] | 089 : 
18 04 ‘90996 | 22 
Ss heey 17 Sone se ay pas cole : 90987 | 21 
ere erat hen ered Wiper ig | Sie 
41 | | 76590 9 | 85 oo) ae ote 19 
17 14353 | . 09040 " 90960 
42 | | 76607 "23393 | | 85647 
43 | .76625| 18 | | 93375 | | 95674 oH 14326 | . 09049 | 9) .90951 | 17 
44 76642 | 17% | | 93358 | | 85700 26 | | 14300 | ‘09058 | | . 90042 | 16_ 
eee are er bees fan 2 | tone | 
46 | . 76677 93 sai tee - 
18 : 14220 09085 . 90915 
47 | | 76695 23305 | .85780) So | . : 13 
iS | cfotoo | Hato | S881 | at | AMEE | SOL 38 | Sagoo | 
pee he ee (28 | 40 \i0.09113 | ~ | 9.90887 | 10 
ar | vores | 18 [1° Sa5ss | saser | 27 |. 14113 | 09122 5 | . 90878] 9 
Hes TOTaS | pie) (tt: oat Abt ee 
14087 | | 09131 
52 | | 76782 2321840 ..85913'| osu. |. . co} 8 
53 | | 76800 - 23200 | . 85940 | 37 - 14060 - 09140 : - 90860 7 
ia | wereeny | EP2) 400;023183) 085967 |. 56 |<. 5 Se 
Be | renee | aiz 10 ete) | Beoe0 | 27 | ageeo | 916s PO) exgossa:| fa 
BS) Gxecse eh o18 26 13954 | . 09177 - 90823 3 
57 | . 76870) j> | . 23130] .86046 | 57 | . ah exoosia: | #2 
13927 | . 09186 
58 . 76887 23113 86073 | 57 9 90805 1 
17 13900 | . 09195 
60 | 9.76922 | !8% |10, 23078 | 9. 86126 | 7° |10. 13874 |10. 09204 |_” | 9.9 : 
, Diff Dit) ty ue yio 
125°> cos ie sec cot 1 tan esc 1 54 
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TABLE 33 


Logarithms of Trigonometric Functions 


36° sin eg csc cot sec na cos «143° 
L y 
0 | 9.76922] |, |10. 23078 10. 18874 |10. 09204 | 4 | 9.90796 | 60 
1 76939 | 12 | . 23061 . 13847 |. 09213 | 9 | . 90787] 59 
2 76957 | 18 | | 23043 . 13821 | . 09223 | 12 | 90777] 58 
3 76974 | 1% | . 23026 .13794 | .09232/ 2 | .90768| 57 
4 76991 | 14 |_. 23009 13768 | 09241 | 9 | 90759 | 56 
5 | 9.77009 | j- {10 22991 10. 13741 |10. 09250 | 4 | 9.90750 | 55 
6 77026 | 54 | . 22974 . 18715 | 09259 | 2] .90741| 54 
7 77043 | 12 | | 22957 . 13688 | .09269 | '2 | - 90731 | 53 
8 77061 | 78 | . 22939 . 13662 | .09278| 9| . 90722] 52 
9 77078 | 1% |: 22922 . 13635 |_.09287 | 2 |_.90713 | 51 
10 | 9.77095 | ,~ |10. 22905 10. 13608 |10. 09296 | ,, | 9.90704 | 50 
11 @7ii2 ||.) \eweeses . 13582 | . 09306 | ‘2 | 90604 | 49 
12 77180 | 12 | liryeo2s70 -13555 | .09315 | 3 | .90685| 48 
13 77147 | 17 | . 22853 . 13529 | .09324| 2| .90676| 47 
is Oe iy jeeee2gse 13502 |_ 09333 | ,2 |_. 90667 | 46 
9.77181 10. 22819 10. 13476 |10. 09343 9.90657 | 45 
16 77199 7 "22801 13449 | . 09352 /90648 | 44 
17 772N6 |i atl pliwe7e - 13423 | .09361 | 9 | . 90639] 43 
18 Bi2SS Wns | | e2B7 67 . 13397 |. 09370 | ,° | . 90630] 42 
z : ae i) POR2BTSO - 13370 |_.09380 | ‘2 |_ ‘90620 | 41 
10. 22732 10. 13344 |10. 09389 9.90611 | 40 
17 
21 17385 io) \eeeea13 13317 | . 09398 ‘“ -90602 | 39 
22 7730 4) Wemea2608 - 13291 | . 09408 | 12 | ‘90592 | 38 
23 77319 | 7 |. 22681 . 13264 | 09417) 9 | . 90583] 37 
Na eee . 13238 |_ 09426 | 9 | . 90574 | 36 
2264 10. 13211 |10. 09435 9.90565 | 35 
17 
26 77370 ie) $2260 "13185 | . 09445 “ /90555 | 34 
27 77387 ig} (Bes22613 -13158| 09454 | 2 | :90546| 33 
28 77405 | 47 |. 22595 . 13132 | . 09463 | 9 | .90537| 32 
12 © poeeeen 78 -13106 |_.09473 | 10 |_ ‘90527 | 31 
30 9 77439 17 {10. 22561 10. 13079 |10. 09482 | 4 | 9.90518 | 30 
31 77456 | 17 |. 22544 - 13053 | ..09491 | ,8 |. 90509 | 29 
32 mars | 17 |. 22527 - 13026 | .09501 | '9 | ‘90499 | 28 
33 77490 | 7 |. 22510 -13000 | .09510 | ,8 |. 90490 | 27 
re, \omenedo3 12973 |_. 09520 | 10 |‘ 90480 | 26 
35 9 77524 17 |10. 22476 10. 12947 |10. 09529 | 9 | 9.90471 | 25 
36 T7541 | 47 |. 22459 .12921 | . 09538 | 8 | .90462| 24 
37 77558 | 17 |. 22442 - 12804 | .09548 | '9 | ‘90452 | 23 
38 77575 | 7 |. 22425 12868 | .09557/ 9 | ‘90443 | 22 
. i7 |. 22408 12842 |. 09566 | 1? |. 90434 | 21 
40/9 77609 17 {10. 22391 10. 12815 |10. 09576 | 4 | 9.90424 | 20 
41 77626 | 47 22374 . 12789 | 09585 | 8 | .90415 | 19 
12 77643 | 17 |. 22887 . 12762 | 09595 | 1) | :90405 | 18 
43 77660 | 7 | . 22340 12736 | .09604 | 8 | :90396 | 17 
x fot Neee22328 12710 |_.09614 | ') |_| 90386 | 16 
15 19 77604 17 {10. 22306 10. 12683 |10. 09623 | 4 | 9.90377 | 15 
46 q77il | 47 |. 22280 . 12657 |. 09632 | 8 | . 90368] 14 
47 77728 | 1g | - 22272 - 12631 | 09642 | ') | | 90358] 13 
48 77744 | 49 - 2256 12604 | .09651 | 8 | -90349 | 12 
a Bi pe HOI922239 . 12578 |_. 09661 | ‘0 |_| 90339 | 11 
5a 77778 a 10. 2222 10. 12552 |10. 09670 | ,4 | 9.90330 | 10 
51 7795 | 47 - 22205 12525 | .09680 | ‘2 | : 90320] 9 
52 7812 | 17 22188 . 12499 | .09689 | 12 | | 90311 8 
53 7829 | 47 |. 221 1 . 12473 | .09699 | '0 | ° 90301 i 
eet eeeiess mich ae 5 . 12446 |_. 09708 | 12 |_..90292 | 6 
55 77862 | 47 10. 22138 10. 12420 |10. 09718 | “4 | 9.90282] 5 
56 77879 | 17 22121 . 12304 | .09727| 2 | . 90273] 4 
87 77898 | 17 22104 . 12367 | 097387 | '} |: 90263] 3 
59 mis0 ale he Tae oe 10 Sem ‘ 
7 '90244 | 1 
eo 9. 77946 10. 22054 10. 12289 |10. 09765 | 9 | 990235 | 0 
Diff. ; 
126° cos 1! sec tan esc Diff sin 53° 
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TABLE 33 
Logarithms of Trigonometric Functions 
37° sin ae csc tan De cot sec aa cos «142° 

v v 
0 | 9.77946 | j, |10. 22054] 9.87711 | ,. 10. 12289 |10. 09765 9.90235 | 60 

i | vazrecs | ie) yurne20a7 dores77as |S? “le a2202 [09775 (240 | (90295 |) 59 
2 | .77980| j7 | 22020] .87764| 3° | .12236] 09784 | 3 | .90216| 58 
3 | .77907| 14 | .22003| ©87790 | 3° | ‘12210 | ‘o9794| 12) ‘90206 | 57 
a | eimsie | foe) }ea19s7 |ievszsi7 | 5! jecea2igg {09803 {73° | weotg7 | 56 
5 | 9.78030 | ,- |10.21970 | 9.87843 | 5, |10. 12157 |10. 09813 |, | 9.90187 | 55 
6 | .78047| i, | .21953| .s7seo| 3° | .12131 | .09822| ,2 | .90178| 54 
g | beredes | G7) | 21937 [0487895 | 5° |sera2105 |. 09832 | 7) | 9016s | 53 
g | 178080] j4 | .21920] .87922| 5% | 12078] .09841| ,2| .90159| 52 
9 | .73097 | 74 |_.21903| .87948 | 3° | ° 12052] ‘o98s1 | 30 |_. 90149 |_51 
10 | 9.78113 | ;- |10.21887 | 9.87974 | 5, |10. 12026 10. 09861 | 4 | 9.90139 | 50 
11 | .78130| j/ | .21870] . 88000 | 5° | 12000] . 09870) 3 | .90130] 49 
12 | .73147| j/ | .21853| .88027| 54 | . 11973] . 09880] 1) | - 90120] 48 
13 | .78163| jy | .21837] .88053| S¢ | 111947] .09889| 4 | . 90111] 47 
14 | . 78180 | j4 | .21820| .88079 | 5, | .11921 | 09899 | 75 |. 90101 |_ 46 
15 | 9.78197 | ,4 |10.21803 | 9.88105 | 5, |10. 11895 10. 09909 | 4 | 9. 90091 | 45 
16 | .78213| 38 | .21787| .88131| 50 | : 11869] .09918 | 44) . 90082] 44 
ge | w7s230-| 02 |! 21770 jie. 88158 | 52 |o.. 11842 |, 09028 |. *) | 90072 | 43 
1g | . 78246 | 18 | ( 21754] . 88184] 28 | ‘ 11816] . 09937 | 44 | .90063| 42 
19 | .78263| 1% | .21737| .88210 | $8 | :11790| .09947 | 75 |_.90053 |_ 41 
20 | 9.78280 | 4, |10. 21720 | 9.88236 | 5, |10. 11764 |i0. 09957 | 9 | 9.90043 | 40 
21 | . 78296 | 18 | 21704} . 88262] 3° | . 11738] . 09966 | 45 | . 90034] 39 
22 | «78313 | “17 | (21687 | 188289 | $2 || =. 11711 |: 09976 |. 45 | . 90024 | 38 
23 | . 78320) 18 | | 21671] . 88315 | 32 | .11685 | .09986 | ‘5 | . 90014] 37 
24 | 1739346 | 12 | .21654| . 88341 | 3% |_.11659 | . 09995 | 19 |_. 90005 |_36 
25 | 9.78362 | ,- |10. 21638 | 9. 88367 | 54 10. 11633 |10. 10005 | ;9 | 9. 89995 | 35 
26 | .78379| 17 | 21621] .88303 | 57 | .11607] .10015 | 5 | .89985 | 34 
27 | .739395| 18 | ‘21605 | -88420| 3% | . 11580] . 10024] 5 | .89976 | 33 
28 | .78412| 17 | ‘21588 | : 88446] 35 | . 11554] . 10034 | 15 | .89966| 32 
29 | 178428] 18 | ‘21572 | 188472 | 33 | .11528| . 10044 | °g |_.80956 |_31 
30 | 9.78445 | 5, |10. 21555 | 9.88498 | 5, 10. 11502 |10. 10053 | 14 | 9.80947 | 30 
31 | .78461 | 18 | 21530] . 88524) 58 | . 11476] . 10063 | 49 | . 89937 | 29 
32 | (78478 | 17 | 121522] 88550] 59 | .11450| .10073 | “9 | . 39927 | 28 
33 | .7s4oa| 16 | (21506 } ‘88577 | 54 | . 11428 | . 10082 | 45 | .80918 | 27 
34 | .78510| 18 | ‘21490 | ‘sse03 | 53 |_. 11307 | . 10092 | 79 |_. 89908 |_26 
35 | 9.78527 | 4, |10. 21473 | 9.88620 | 5, |10. 11371 |10. 10102 | 45 | 9. 89898 | 25 
36 | .79543| 18 | 21457] 88655 | 55 | . 11345 | .10112 | “g | . 89888 | 24 
37 | . 78560 -21440 | | s8ea1 | 26 | (11319 } . 10121 | 45 | - 89879 | 23 
3g | .79576| 16 | {21424} ‘88707 | 53 | . 11293] .10131 | 79 | . 89869) 22 
39 | .78592| 18 | ‘21408 | - 88733 | 53 |_. 11267 |_. 10141 | yg |_. 89859 | _21 
40 | 9.78609 | 54 |10. 21391 | 9.88759 | 57 10. 11241 |10. 10151) 4g | 9. 89849 | 20 
41 | . 738625 | - (21375 | .88786 | 24 | .11214] . 10160 | 4 | . 89840] 19 
42 | \7ge42| 17 | ‘ 21358] |8sgi2] 28 | (11188 | . 10170 | jg | . 89830] 18 
43 | .78658| 16 | (91342 | (98838 | Sp | . 11162] .10180| 49] . 89820] 17 
44 | .78674| 18 | ‘21326 | . 88864) 55 |_.11136 | . 10190 | “g |_. 89810} 16 
45 | 9.78691 10. 21309 | 9.88890 | 5 |10. 11110 |10. 10199 | ,y | 9.89801 | 15 
6. | bUZ8707 | nae || 1212931" 88916 |.-5 /11084 | .10209 | 1) | . 89791} 14 
47 | 179723 | 18 | ‘a1977| ‘88942 | 28 | ‘11058 | . 10219 | 4 | .89781| 13 
43 | |78739| 18 | ‘21961 | | 88968) 3° | . 11032] . 10229] 39) .89771 | 12 
49 | 78756 | 17 | < 21944 | \ 88004 | 53 | 11006 | _. 10239 | “9 | _. 89761 | 11 
50 | 9.78772 10. 21228 | 9.89020 | 5, |10. 10980 |10. 10248 | 44 | 9. 89752 | 10 
51 | .78788| 16 | .291212| .89046| 28 | . 10954] :10258| 55] .89742] 9 
52 | .78805| 17 | : 21195} ‘89073 | 34 | .10927| .10268| 49} .897382] 8 
53 | .78821| 16 | ‘o1170] :89099| Sp | .10901| .10278| 44 | .89722] 7 
54 | .79as7| 16 | (21163 | 180125 | 5g |. 10875 |_. 10288 | j9 |_.80712|__6 
55 | 9.78853 | ,- |10, 21147 | 9.89151 | o¢ |10. 10849 |10. 10298 | g | 9.80702) 5 
Reo Meso dae, M0 9513101" 890177 |. oe 10823 | . 10307 | 4 | . 89693 | 4 
ny | ete gee ON kari 14 ||)S"'89203 bo 56 10797 | . 10317 | jy | 89683] 3 
ga | Peeooe. A (2© Gheb 7098 (989229 ||. 58 10771 | . 10327 | 1, | . 89673 | 2 
59 | .78918| 16 | ‘21082 | |80255| 3p | .10745 | . 10337 | 49 | 89663] | 
60 | 9.78934 | 16 |10, 21066 | 9. 89281 10. 10719 |10. 10347 9.89653 | 0 
rN ; Diff . 

127°> cos ae sec cot Kis tan ese 1 sin 52° 
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TABLE 33 
Logarithms of Trigonometric Functions 


SS SSS 


° ‘ Diff Diff . 
38 >” sin 1 esc tan y : cot Bee a cos «141° 
4 
0 | 9. 78934 10, 21066 | 9. 89281 10. 1071 
1 | .7950| 18 |< o1050| . soa07 | 26 |’: 10093 | 10357 | 29 | © 89643 | 20 
2 | ‘78067 | 1% | : 21033 | ‘80333 | 26 | ‘10667| ‘toser | 19] <go633} ee 
3 i} wazsass\| B16 a10i7 | 189359 | 26 | ‘toea1 | ‘ioavo| .9| <eoena| ef 
4 | 78999 | 78 | ‘21001 | ‘80385 | 25 | | 10615 Tioace 1020) | Secaen dl Paes 

: Ty 
8 | "roost | 18 |'": 20060 | °:soas7 | 28 | toses |" tosoe | 20 | % $9804 | 38 
Zt} Bezo047 |} @1° 20953 | . 80463 | 26 | ” . 10406 | 54 | . 89594] 54 
. 10537 |. 10416 89584 
gs | .79063 | 16 2093 26 10] - 53 
S| fee] is | Lama] caries | | cost] ioe 10] “sere | 
i : 10:0 
10 | 9. 79095 16 10. 20005 |'9. 89541] 5 |T0. 10459 |10. 10446 9.89554 | 50 
12 (| 0479128 20872 | .89593 | 26 | | al bbs, io | - 89544] 49 
13 || sazanaa | UES 30 96 | - 10407] .10466 | 13] . 80534] 48 
1 | CNS | ag | came] aie | | Caaiat | caoiee | 13 | “ateee | 
1s || 9m rt 
1 [TERE | tg PO BRE TS Razr | 50 [020g Wo: vome sass) 
17 | . 79208 20792 112.80793 |\-28 |: caqore | 10 | - 89495 | 44 
19 |: 79240) 16 Doro eeaeCeee: (G26: jee weezer epee 25 ayo i| ORBeeTS)| Meee 
20 | 9. 79256 10. 20744 | 9. 80801 | >. |70. 10199 |10. 10 | ae | 
a1 | 70272 | 18 |: 20728 | "8027 | 28 | toi7a |. 10555 | 29 | * geass | a9 
22 . 79288 20712 4). 26 . 89445 | 39 
a3 | cingor| 18 | <Zooe0 | <Soere | 38 | ci0tar | 16868 | to] 888s | 3 
. 79319 20681 | . 89905 10| ° 7 
16 - 10095 |. 10 
25 | 9.79335 | |, |10.20665| 9.80931 | 7° |to40 585 | 19 | 89415 || 186 
26.) dazoasi|| OTe 20840 ons sags7 (820 devercode lees cone |s10\| seemanen ae 
27 | . 79367 #20633 leneeo083 (9220 Hemet oai bien 10 | - 89395 | 34 
28 | 279383 | “18 | oogi7 |: 26 | - 10017] .10615| 55 | .89385] 33 
a | tagoo | 18 |: aosor| cams | 2 | bees | 9835 | | SRE | 
30 | 9. 794 26 : : 1 . 31 
31 |. 9431 a “", 30860 | °. 90086 | 25. |*0- 08939 ae 10 | 9- 80854 | 30 
32 | . 79447 20553 (ap eoolia lee) Ham 10 |}, 228986) 
34 | .79478 | 15 20522 | | 26 | - 09862) . 10676 . 89324 | 27 
16 - 90164 09836 | | 10686 | 19 
35 | 9. 79494 26 : 1 . 89314 26 
se | 9 79494 | 16 |10. 20506 |'9. 90190 | 45 |10. 09810 |10. 10696 i 9. 89304 | 25 
37 | . 79526 | 16 soazs | conse | 26 | - 09784) . 10706 | 19 | . g0204| 24 
38 | : 79542 | 1g | . 20458 | 90268 | 38 09732 | ‘10720 | 10) -S08t | 33 
9 | . 79558 20442 | _90294| 26 | ° 10 | & 4] 22 
Be | hs - 902! 09706 |_| 10736 
40 | 9. 79573 = 26 1 . 89264 | 21 
41 |. 79589 16 Sona 9. 90320 | 94 |10. 09680 |10. 10746 + 9. 89254 | 20 
fe | eezoe0s || ME 20305.1., 90371 [225 (fe Opbe. | ea20756 (41 | pasoade | ao 
43 | «79621 | Fe 20379 | 190307 | 26 | ° Qgcae | - 10267 | yo | - 89283] 18 
44 | sagas | 2 20364 | |90423 | 26 | “peeve | °10227 | 10 | - 89223) 17 
45 | 9.79652 | 5, |10.20348| 9.90449 | 7° lipo, Ey Bb 
ap 1] 1870068 4 20332 | . 90475 | 26 |' goss | 1ogor | 10 | % 89208 | 18 
7 . 79684 20316 | . ‘ 26 as is . 89193 | 14 
48 | °70699| 15 | “50301 | ‘o0s27| 28 | “pearn |< 408le in| . 89183 | 13 
AD || (e975 | ee 20285 |i; 00553 |) 26 Weengaeedl a ipesy (oll | Saeedzay ime 
50 | 9.79731 | |, |10.20269| 9.90578 | 7° |to-o. 10 4 Rae Oe) er 
. 79762 5023811... 00680 eb. heen ig|| aas01424 1 
Be Bee? ae af ; | .09370 | | 10868 
ba Wl eeeacs || ane 20222 | \90656 | 26 | ‘ 09344] ‘10878 | 10] <goisa| 8 
£79793 || 0 20207 | 90682 | 2 | ‘o93ig} <1osss| 19| ‘Soira] 6 
55 | 9.79809 | 4, |10. 20191 | 9.90708 | 2° {7009292 |10. i f_ wae E2 tees 
pe | Gene | nts 20175 | . 90734 | 26 |'°: 9266 | 10909 | 19 | 2 89101) 8 
7 | . 79840 20160 | .90759 | 25 | | o¢ noe \l0 | Cereeee! ae 
58 | paces | mo .90759 | 52 | . 09241] - 10919 "890 
50 | fonts | 16 | -20las\] 90785 | 55 || 09215 '1.,, 10920 | 10 acer |l S 
60 | 9. 79887 | 15 lio sor28 | 9 208L | 26 | 09189] 10040 | 15 | 89060] 1 
; & 9. 90837. 10. 09163 |10. 10950 9. 89050 | 0 
Diff : 
O- cos F sec Diff : 
128 | 1 cot 1 tan nee we anh e5]° 
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TABLE 33 
Logarithms of Trigonometric Functions 
39°. sin cc esc tan ei cot sec ae cos -140° 
v v 
0 | 9.79887 | 16 10. 20113 | 9.90837 | 4, |10. 09163 |10. 10950 | ,, | 9.89050 | 60 
1 | 79903] ;2 | .20097| . 90863 / 2° | . 09137] . 10960 | iP | . 89040] 59 
2 | .79918| 12 | .20082} . 90889] 38 | :o9111| -10970 | i | ‘89030| 58 
3 | .79934|} 13 | .20066| -90914| 23 | ‘09086 | ‘10080 | 19 | . 89020] 57 
4 | .79950/ j3 | .20050| . 90940 2° | ‘09060 | : 10991 | 1 |. 89009 | 56 
5 | 9.79965 | 1, (10. 20035 | 9.90966 | 5, |10. 09084 10. 11001 | ,, | 9. 88099 | 55 
6 | .79981 | 18 | 20019] .90992 | 3° | -oo008| - 11011 | {9 | ‘soso } 54 
7 | .79996 | 48 | 20004] .91018 | 3° | \oggsz| ‘11022 | 35 | - 88978] 53 
8 | .80012| {7 | .19988| .91043 | 32 | ‘08057 | -11032 | 1 | | 88968] 52 
9 | .80027 | 1g | .19973| .91069 | 58 | .o8931| | 11042 | 39 |. ss058| 51 
10 | 9.80043 | ;, |10. 19957 | 9.91095 | 5, |10. 08905 |10. 11052 | ,, | 9. 88048 | 50 
11 | .80058| jg | . 19942] .91121| 38 | .oss79} . 11063 | 15 | . 88937 | 49 
12 | .80074| je | .19926| .o1147| 38 | (08853 } . 11073 | 1° | .sso27| 48 
13 | .80089| jg | .19911| . 91172) 3% | -osses} .11083 | {9 | .sso17| 47 
14 | 80105 | {2 | 19895] .91198 | 3° | ‘ossoz| -11094| 15 | .88906| 46 
15 | 9.80120 | j, |10. 19880 | 9.91224 | 5, |10.08776 |10. 11104 | ,, | 9.88896 | 45 
16 | .80136 | jf | . 19864] .91250| 36 | .o8750| . 11114) j9 | .sssse| 44 
17 | .80151| {2 | .19849]| :91276| 28 | ‘os724] .11125 | 14 | . 88875 | 43 
1g | 80166 | {2 | .19834] :91301| 28 | ‘ose99| .11135 | 3) | . 88865 | 42 
19 | .801s2| 18 | .19818| .91327| 26 | ‘08e73 | 111145 | i? |. 88855 | 41 
20 | 9.80197 | 5, |10. 19803 | 9.91353 | 56 |10. 08647 |10. 11156 | ,, | 9.88844] 40 
21 | .80213| 38 | . 19787} .91379 | 3? | .o8621| .11166 | 52 | . 88834] 39 
22 | .80228| 1% | .19772| .91404| $? | .08596| .11176 | j2 | .88824| 38 
23 | .80244| {8 | . 19756] .91430| 3° | .08570| .11187 | 54 | .88813| 37 
24 | .80259| 15 | .19741| 91456 | 38 | ‘08544 | 11197 | 32 |_. 88803 | 36 
25 | 9.80274 | ,, |10.19726 | 9.91482 | 5, |10. 08518 |10. 11207 | ,, | 9. 88793 | 35 
26 | .80200| 18 | .19710| . 91507 | $2 | .08493] . 11218 | 14 | .88782| 34 
27 | .30305| 12 | .19695| .91533 | $8 | .08467] . 11228 | 12 | . 88772] 33 
28 | :80320| 18 | . 19680] .91559| $8 | 08441] . 11239 | 14 | . 88761] 32 
29 | : 80336 | 18 | | 19664 | 91585 | 5° | .08415 | . 11249 | 49 |_. 88751 | 31 
30 | 9.80351 | j, |10.19649 | 9.91610 | 5, |10. 08390 |10. 11259 | ,, | 9.88741 | 30 
31 | . 80366 19634} .91636 | 26 | 08364] .11270 | j4 | .88730| 29 
32 | .80382| 18 | ‘19618| ‘91662 ) 38 | : 08338} | 11280 | 52 | . 88720] 28 
33 | .80397| 15 | (19603] .91688| 5, | .08312] .11291 | 3 | .88709| 27 
34 | | 80412 A (19588 | 91713 | 32 | :08287 | . 11301 | ;7 |. 88699 |_26 
35 | 9.80428 | 5. |10. 19572 | 9.91739 | 96 |10. 08261 |10. 11312 | 15 | 9. 88688 | 25 
36 | . 80443 (19557 | .91765 | $e | .08235] .11322 | 39 | .88678| 24 
37 | .80458| 15 | (19542] . 91791 | 38 | :os209| : 11332 | j) | .88668| 23 
38 | .80473| 15 | ‘19527| .91816| $e | .08184| .11343 | 14 | .88657| 22 
39 | :80489| 18 | ‘19511| . 91842 | 55 |_.08158 | 11353 | 7) | . 88647 | 21 
40 | 9. 80504 10. 19496 | 9.91868 | 5, |10. 08132 |10. 11364 | 1, | 9. 88636 | 20 
41 | .80519| 15 | :19481| . 91893) $2 | .o8107| .11374| 7) | . 88626] 19 
42 | (30534| 15 | ‘19466| .91919| 3. | .08081 | . 11385 | jg | . 88615] 18 
43 | -80550| 16 | ‘ 19450] .91945| 3p | .08055| . 11395 | 7) | .88605| 17 
44 | | 80565 i: "19435 | . 91971 | 28 | 08029 | . 11406 | j4 |_.88594| 16 
45 | 9. 80580 10. 19420 | 9.91996 | 5, |10. 08004 ]10. 11416 | ,, | 9. 88584] 15 
46 | .80595| 15 | .19405| .92022| 38 | .07978| . 11427 | 49 | . 88573] 14 
47 | .80610| 15 | ‘193890 | 92048] Sp | .07952| .11437 | 3) | 88563} 13 
48 | 180625 | 15 | °19375| .92073| $2 | .07927| .11448 | 9 | . 88552] 12 
49 | . 80641 : (19359 | . 92099 | $e | .07901| .11458 | 7) |. 88542 | 11 
50 | 9. 80656 10. 19844 | 9.92125 | 5, |10. 07875 |10. 11469 | jo | 9. 88531 | 10 
51 | .80671| 15 |. ‘19329 | 92150) $8 | .07850| .11479 | 1, | . 88521] 9 
52 | . 80686 | 15 | ‘i9314| .92176| 56 | .07824| .11490 | ;,;| .88510} 8 
53 | .80701| 15 | ‘19299 ] .92202| 52 | .07798] .11501 | jg | . 88499] 7 
54 | .80716 “ ‘igasa | 192227) $2 | 07773] .11511 | 14 ce : 
- 80731 19269 | 9. 92253 10. 07747 |10. 11522 9, 884 
36 | .sora6 | 15 |’ 19254] 92279 | 26 | ‘o772i| .11532| 19 | ssses| 4 
57 | .80762| 18 | | i9238| © 92304 | 53 | .07696| . 11543 | 19 | . 88457] 3 
58 | .80777| 15 | :19293| | 92330 | 58 | .07670] .11553| 1, | . 88447] 2 
59 | . 80792 | {> | .19208| .92356 | 95 | 07644] . 11564 | 4) | 88436] 1 
60 | 9.80807 | !° |10, 19193 | 9. 92381 10. 07619 |10. 11575 9, 88425 
n 
t ; i Diff c 
129°> cos a sec cot te tan csc 1 sin «50° 
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csc 


Logarithms of Trigonometric Functions 


30S) tap ee 


40°- sin 
v 
0 . 80807 
1 . 80822 
2 . 80837 
8} . 80852 
4 . 80867 
5 . 80882 
6 . 80897 
ii . 80912 
8 . 80927 
9 . 80942 
10 . 80957 
al . 80972 
12 . 80987 
ig} . 81002 
14 . 81017 
ifs . 81032 
16 . 81047 
17 . 81061 
18 . 81076 
19 . 81091 
20 . 81106 
21 . ol121 
22 . 81136 
23 . 81151 
24 . 81166 
25 . 81180 
26 . 81195 
26 . 81210 
28 . 81225 
29 . 81240 
30 . 81254 
31 . 81269 
32 . 81284 
33 . 81299 
34 . 81314 
35 . 813828 
36 . 81343 
37 . 81358 
38 . 81372 
39 . 81387 
40 . 81462 
41 . 81417 
42 . 814381 
43 . 81446 
44 . 81461 
45 9. 81475 
46 . 81490 
47 . 81505 
48 . 81519 
49 . 81534 
50 9. 81549 
51 . 81563 
oe, . 81578 
53 . 81592 
54 . 81607 
oD) 9. 81622 
56 . 81636 
57 . 81651 
58 . 81665 
59 . 81680 
60 9. 81694 
t 
130 ©-+ cos 


Plone nwkalawadM.s 


% 
aS 
N=) 

° 


TABLE 33 


Logarithms of Trigonometric Functions 
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41° sin oe csc tan eae cot sec ee cos <138° 

v v 
0 | 9.81694 | 1, |10. 18306 | 9.93916 | o¢ |10. 06084 |10. 12222 | ,, | 9.87778] 60 
1 | .81709) 32 18291 | . 93942 | 2° 06058 | . 12233 | 3} | .87767| 59 
2 81723 |; oe 18277 | . 93967 | 52 06033 | . 12244 | 5} | .87756] 58 
3 81738 | 42 18262 | .93993 | 38 06007 | . 12255 | 3; | .87745] 57 
4 81752 |) oF 18248 |. 94018 | 52 05982 | . 12266 | 3; | .87734 | 56 
5 | 9.81767 | 1, |10. 18233 | 9.94044 | 5. |10. 05956 |10. 12277 | ,, | 9.87723 | 55 
6 81781 | 15 18219 | 94069 | 3? 05931 | 12288 | i; | .87712| 54 
7 81796 | i? 18204 | . 94095 | 38 05905 | . 12299 | j} | . 87701] 53 
8 81810 | 1 18190 | 94120 | 3? 05880 | .12310 | 5; | .87690] 52 
9 g1825 | 5° 18175 |_.94146 | 38 05854 | . 12321 | 3) |. 87679 |_51 
10 | 9.81839) ,, |10.18161 | 9.94171 | 54 |10. 05820 |10. 12332 | ,, | 9.87668 | 50 
11 81854 | 13 18146 | .94197 | 38 05803 | . 12343 | 5; | .87657| 49 
12 81868 | 14 18132 | .94222 | 3? 05778 | . 12354 | 3; | . 87646 | 48 
13 81882 | 1s 18118 | .94248 | 39 05752 | . 12365 | 3; | . 87635 | 47 
14 81897 | 13 18103 | _.94273 | 5? 05727 |. 12376 | 3} |_. 87624 | 46 
15 | 9.81911 | j, |10. 18089 | 9.94209 | 5. |10. 05701 |10. 12387 | ,, | 9.87613 | 45 
16 81926 | 13 18074 | .94324 | 5? 05676 | 12399 | ;7 | . 87601 | 44 
17 81940 | 15 18060 | .94350 | 3° 05650 | 12410 | t; | .87590| 43 
18 s1955 | 13 18045 | .94375 | 52 05625 | 12421 | {1 | .87579| 42 
19 81969 | 17 18031 | .94401 | 38 05599 |. 12432 | 1} |. 87568 | 41 
20 | 9.81983 | ,, |10. 18017 | 9.94426 | 5, |10. 05574 |10. 12443 | |, | 9.87557 | 40 
21 gi9o8 | 32 13002 | . 94452 | 3° 05548 | .12454 | 5} | . 87546 | 39 
22 82012 | 14 17988 | .94477 | 52 05523 | .12465 | jj | .87535| 38 
23 82026 | 15 17974 | .94503 | 58 05497 | 12476 | jj | . 87524 | 37 
24 $2041 | 7? 17959 | .94528 | 5? 05472 | . 12487 | 55 |_.87513 |_ 36 
25 | 9.82055 | 5, |10. 17945 | 9.94554 | 5, |10. 05446 |10. 12499 | 1, | 9.87501 | 35 
26 82069 | 1. 17931 | .94579 | 22 | .05421| .12510 | 3; | .87490| 34 
27 82084 | 7? 17916 | 94604 | 52 05396 | . 12521 | 3; | . 87479 | 33 
28 82098 | 14 17902 |. 94630 | 55 05370 | . 12532 | 3, | .87468| 32 
29 Sau |i ie 17888 | . 94655 | 52 05345 | . 12543 | 3) |_.87457 |_ 31 
30 | 9.82126 | 5, |10. 17874 | 9.94681 | 55 |10. 05319 |10. 12554 | 15 | 9. 87446 | 30 
31 82141 | 3? 17859 |. 94706 | 52 05204 | . 12566 | || . 87434] 29 
32 S2155| 54 17845 | 94732 | 58 05268 | . 12577 | 3; | .87423| 28 
33 82169 | 1 17831 | .94757 | 32 05243 | . 12588 | 3} | .87412| 27 
34 82184 | 13 17816 |. 94783 | 32 05217 | . 12599 | 3; |_..87401 | 26 
35 | 9.82198 | ,, |10. 17802 | 9.94808 | 5, |10. 05192 |10. 12610 | 5 | 9.87390 | 25 
36 Soa? |) ay 17788 | . 94834 | 32 05166 | . 12622 | 37 | .87378| 24 
37 g2296 |) 5 17774 | .94859 | 52 05141 | . 12633 | 3; | .87367| 23 
38 82240 | I5 17760 | . 94884 | 52 05116 | .12644 | 1; | .87356| 22 
39 $2255 | 13 17745 |_.94910 | 58 05090 | . 12655 | 5; |. 87345 | 21 
40 | 9.82269 | |, |10. 17731 94935 | 54 |10. 05065 |10. 12666 | j, | 9. 87334 | 20 
41 B2283 | 44 17717 | .94961 | 38 | .05039} .12678 | 7 | . 87322] 19 
42 82207 | 14 17703 | .94986 | 3? | . 05014] .12689 | 3, | .87311] 18 
43 82311 | 5s 17689 | .95012 | 2° | . 04988} .12700 | 35) .87300| 17 
44 $2326 | 42 17674 | .95037 | 22 | .04963 | . 12712 | ;7 |_.87288 | 16 
45 | 9.82340 | 5, |10. 17660 | 9.95062 | 56 /10. 04938 ]10. 12723 | ,, | 9.87277) 15 
46 82354 -17646 | .95088 | 28 | . 04912] .12734 | 3, | . 87266] 14 
47 32368 | 14 17632 | 195113 | 22 | .04887| .12745 | jo | . 87255 | 13 
48 82382 “ 17618 | .95139 | 3. | .04861| .12757 | 47 | .87243 | 12 
49 82396 oe 17604 | .95164 | 33 | 04836 | . 12768 | 4; |_.87282 | 11 
50 | 9. 82410 10. 17590 | 9.95190 | 5, 10. 04810 |10.12779 | 49 | 9.87221 | 10 
51 g2494| 14 | 17576 | .95215| Sp | .04785| .12791 | 3; | .87209| 9 
52 g2439 | 15 | (17561 ] . 95240) Se | .04760| .12802 | 3; | -87198| 8 
53 82453 ~ 17547 | 195266 | 28 | 104734 | .12813 | 39 | -87187| 7 
54 g2467 | 14 | 117533 | .95291 | 3g |_.04709 |. 12825 | y7 |_. 87175 6 
55 | 9. 82481 10. 17519 | 9.95317 | 5, |10. 04683 10. 12836 | 1, | 9.87164] 5 
56 2495 | 14 | 17505] .95342| 52 | .04658| .12847 | | .87153) 4 
57 32509 | 14 17491 | . 95368 | 5s 04632 | 112859 | i? | .87i41| 3 
58 32523 | /4 17477 | .95393 | 52 04607 | . 12870 | 3; | - 87130} 2 
59 32537 | 14 | (17463 ] 95418) 22 | .04582] .12881 | jo | 87119) 1 
60 | 9.82551 | 14 |10. 17449 | 9. 95444 10. 04556 |10. 12893 9.87107 | 0 
nN 

% : i Diff . 

131°> cos es sec cot veh tan ese 1’ sin <-48° 
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TABLE 33 


Logarithms of Trigonometric Functions 


42° sin ee c 
: sc tan 
Diff 
~e sec 1’ cos «137° 
ae 14 10. 17449 95444 10 
82 954 ee ! 
B88 i eee - 95409 33 |. 04531 Bote 11 pola “4 
: | Sau 17421 | 95495 | 55 | 04505 | . 12915 11 yee = 
i | Shor 17407 |. 95520 | 55 | . 04480 | . 12927 12 OrOye 7 
sfoamar) focus |oaasn 30 | 04455 |. 12988 | 1 Biles fh 
g | Saree | as 7 12808 | 888 55 |10. 04429 |10. 12950 Ae gs 23 
ae eee Se (004404 frraaoge1 | 2 patty “A 
ase ae Ss punnss7s paazo72 | He padond 3 
6 | cer) 17337 |. 99847 | 55 | 04353 | . 12084 12 reymae = 
ro-fasgoor) M4 aocurgor|sgan 23 ps 104828 [yi oi2005 | 21 "87005 | 31 
1. |“ saras | 2479 (faee | © Slt 55 10. 04302 }10. 13007 alice 25 
12 | . 2719) yg) . 17281). 95748 25 | -04277 | . 18018 | 5 ™ soue2 | 4p 
18 | . 82733) 14 17267 | .95774 | 26 - 04252 | . 18030 | 44 “80070 | 4s 
4 | ier) 17207 | 9974 | 95 | 04226 |. 13041 1 ceeds er 
15 [9.82761 | 14 |10. 17230 | 9. 95825 26 | tua | sane | 17 |_csovar | 
is | “aares | 1 7 tae | 3855 55 (10. 04175 |10. 15064 11 | Segg6- | ae 
17 | . 82788) yy |. 17212) . 95875 a5 | [= 04150 FaeaigO76 | a vsouet | 
18 | .82802 | 34 | . 17198] . 95901 26 | 0425 | . 13087 | 4) “80013 | 43 
18 | sere | Hf | iriee | tan 55 | - 04099 | . 13098 | 12 "36902 | 42 
20 | 9. 82830 | 14 /10. 17170 | 9. 95952 2s | HOSE O A We UD | 80800 | 41 
ae 55 |10. 04048 |10. 13121 M1 | ea 
2 | eae) 1 17156 |: 9597 | | 35 04023 | . 13133 | 12 ponte Be 
23 | . 82872 | 33 | .17128| . 96028 26 | |: 03908 | 13145 | 47 80855 | 3s 
ge s2885 || ag va7115t enoeose | 225 peancousllmenores 1) eesid | 7 
25 [9.82899] 14 |I0. 17101 | 9. 96078 25 | MADE AOS TSS.| a sons? | 
a5 | aoerg | 14 7° Tiber | © aetos og |10. 03922 |10. 13179 11 | Sesor | —se 
27 | 82027) 14 | .17073 | . 96129 25 | - 08806 | . 13191 | 37 * 800 | 3 
28 | 82041 | 34 | . 17059] - 96155 26 | - 08871 | . 18202 | 45 so70s | 33 
es eTee88 | ap 17045) Loeeeiso. | 22 | hea co ales ioe 12 sores | 32 
80 | 9.82068 | 14 |10. 17082 | 9. 96205 25 | MRE PARES.) ip irr i 
ar | agnes | PO afoie | Boast | 20 jo. 03795 {10-13287 | 1 |-9:g6763'| 30 
32 | 82006 | 34 | . 17004] . 96256 a5 | 03769 |. 18248 | 45 © 80752 | 20 
33 | .83010] 13 | . 16990] - 96281 25 | - 08744 | - 18260 | 15 “Sort | 38 
Ba | 83028 | qq |. 16977 |_. 96307 be | arta | agama 17)“ aerae | ar 
35 | 9. 83037) 14/10. 16063 | 9. 96332 25 | (SOU MSIE283 ‘sini | 3h 
an | sant | 14 | teas | © Sager 95 |10. 03668 |10. 13295 12 | |e 
37 | 83065 | 33 | . 16035] . 96383 | 38 -ogo1s [asso | 1) | snd | 3d 
88 | .83078 | 14 | . 16922] ‘96408 | 3° -ogoit | 1gsis | 13) cose | 3 
so | Slate | pete | ae "03502 | 113330 | 12] ‘Seoro | op 
40 | 9.83106 | 34 10. 16894 | 9. 96459 26 | PRDECE REEOS | he ee 
au [saa | Hf" iesao |. ois 95 |10. 03541 10. 13353 12 aaneard| | a 
42 | .88183 | j4 |. 16867 | ‘96510 26 | - 98516 |». 18365 | 17 * 8065 | 19 
43 | .88147 | 34 | . 16853] - 96535 | 35 -czio | <agare | 12) “soged | 
44 | 83161 | 13 | 16839 |. 96560 Bp | 08i65 | agaas | 13) “goo1e | 17 
45 | 9.83174 | 54/10. 16826 | 9. 96586 26 | PARDEE Fee OC. x 80000 | 16 
i | ssige | 141° T68ro | Saar 55 |10. 03414 |10. 13411 1 | ele 
47 | - 88202} 33 | . 16798 | - 96036 | 35 cons |" 1893 | 13 ssa77 | 
48 | + 88215 | 1, | <16785 |‘ o6se2 | “28 conse | 1aiss | 178668 | 13 
a | Bs220 | yg |, foo 187711 ne 0687 a gnass | caguie | 1) | ‘asd | 13 
50 |9.83242 | 44/10. 16758 | 9. 96712 26 | pO neEE ee 8 | fee ‘soi | 1 
Br |" ssas0 | 14 | Ter | © Serag 56 |10. 03288 10. 13470 12 | sree | 
32 |) #82270) 75 | Bomts7s0) poxaozes | 35° -onaea | 3g4sy | 7 |“ gsni8 |g 
54 || vagege || da | Pisde7 17) [ea pe7as 25 | - 03287 | . 13493 | 15 “80507 | 
55 | 9.83310 /? . 16703 |. 96814 | 26 Saleen | 2 “SH 
55 | 9. 88310 | 14 |10. 16690 9. 96830 zt | KORE ne EE | -s0i83 | 6 
56 | sagas | 14 peer hate con ee 10. 03161 {i0. 13528 | 14 rea e 
by | - 88888 | 13 | . 16662] - 96890 | 28 vais |". 14519 | 13 | ssaso | 4 
58 ||| S88381 | iy | Wretleed9 faaneors 25 | - 08110) . 13552 | 1) Sous | 3 
50 | ,; 88885 | 13 |. 16635 | - 96940 | 35 anos | <ra5e1 | 1? | ssaao | 3 
t 10. 16622 | 9, 96966 | 2° |10, o3034 fro. 1s87 | aes | 
132°> cos Diff it ee le a : 
; “i 2 ( _** | 9.86413 | 0 
. Diff : 41 
sin <47° 
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TABLE 33 


Logarithms of Trigonometric Functions 


PlorpnwanaudH8.© 


t 
eae 
a 

° 
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Pee TABLE 33 
ogarithms of Trigonometric Functions 
fe) g 
44°+ i Diff 
v eit 1’ csc tan Diff. i Diff 
/ 
: 1 oO sec v , ‘6 «135° 
0 | 9. 84177 v 
ip 13 |10. 15823 | 9. 98484 ae 
Dl eee || 03 | fearoseds iaess0g 25 | ea eect 9. 35693 | 6 
3 | .34216| 18 eee . 98534 Be “01466 eee 12 . 85681 : 
4s ||| aesaooo |) 22 i nay . 98560 . 14331 85669 
el oT 15771 98 25 01440 | . 14343 | 12 | | 58 
5 9, 84242 13 - 98585 9 . 01415 12 . 85657 57 
lll eases |) MO llaemeree mes ore 5 | aro . 14355 | 55 |_ 85645 | 56 
mlb acascn et ieaers ile) 25 |10. 01390 }10. 14368 9. 856 
: . 01365 12 | 9- 85632 | 55 
Stil) @asoe2i|) es 15731 | . 98661 | 26 ; . 14380 8562 
: . 01339 12°\\ @ O} 54 
eA . 15705 25 -01314 | | 14404 | 12] Salpeos 
10 | 9. 84308 13 . 98711 01289 13 . 85596 52 
ab lL eeises PMO dierent eee. 26 | ia 14417 | 75 |_. 85583 | 51 
12 "84 13 . 15679 | . 9876 95, |10. 01263 10. 14429 
- "gaat? 13 a eoee "98787 eo mO1Dig tans 35559 ae 
4 | .84360| 13 ; . 98812 . 14453 "85 
. 15640 26 . 01188 14466 | 213 || 2 547 | 48 
15 | 0.84373 | 1° . 98838 01162 | . 6 | 19 | - 859384 | 47 
ie | * 84873 | a2 |10. 15627 | 9. 98868 25 | . 14478 | 55 |. 85522 | 46 
17 | . 84 13 . 15615 | . 988 95 |10. 01137 10. 14490 
18 eeaait 13 . 15602 " Oa0i 25 01112 |. 14503 | 23 yrs 45 
10: i| | etaas || d8 | kesateee |taceeese | ws 01087 | 14515 | 13 |. 85485 43 
20 | 9.84437| |° |r0, . 98964 01061 |. 14527 | 13 | . 85473 | 42 
ot |i” Sassy | 13. |10,188631/79. 98080 35 |_-01036 | :14540| 13 | ‘85460] 4 
22 . 84 13 . 15550 | . 990 96 |10. 01011 10. 14552 = zt 
23 "$4476 13 . 15537 "99040 25 00985 | . 14564 | 12 "eran 40 
25 | 9.84502 | |? lio 1] :99090| 2° | ‘00 - 14589 : 85411 
26 | . 84 13 |10. 15498 | 9. 997 be .| 2.00910 | a4601 | 22 |) 3 37 
27 ‘gabon 13. | - 15485  O914 95 |10. 00884 |10. 14614 IL ie ad 
28 / 94549 | 12 - 15472 | . 99166 | 2° -00859 | . 14626 | 12 bee 35 
29 | .84553 | 13 . 15460 | . 99191 | 25 00834 | . 14639 | 13 lepaad 34 
30 | 084566] 13 oqeagroreears DoreeiRResanes 2 eesaao |} Se 
31 84 13 . 15434 | 9. 992 : . 14663 
32 "$4302 13 | - 15421 90067 q5 |10. 00758 |10. 14676 oS IR aoe a 
33 | .384605 | 13 . 15408 | . 99293 | 26 00733 | . 14688 | 12 | “. g5 24 | 30 
Bh HT meteig | U8 bonmcccohcimecee 55 | -00707 | ©. 14701 | 13 ee 29 
ae iltaredeso| 12 vaespces eee Be “o0es7 | 114726 is "85287 | 37 
36 . 8464 13 . 15370 | 9. 998 Z . 14726 ; 
37 ; Ths 13 . 153857] coege 96 | 10. 00632 |10. 14738 9, ete ao 
38 84669 | 13 . 15344 | . 99419 | 29 ..00606 | . 14750 | 12 | 5262 | 25 
39 84682 | 13 . 15331 | . 99444 | 25 00581 | . 14763 | 13 ieeece 24 
40 | 0. 84694.| 1? . 15318 | . 99469 | 25 '00556 | | 14775 | 12 eo 23 
4) |) egaroy || 3 (20,2206 omod05 26 |_-00531 | . 14788 | 33 35212 | 21 
aot Nl Medan {| 1B | murcoe eee oes 25 |10. 00505 110. 14800 mali: = 
Ag |) weayas || 18) bei mered |e boots 25 . 00480 | . 14813 | 13 - 85200 | 20 
fs || weeras || W2\ brimeood ences 95 | -00455| . 14825 | 12 eo 19 
45 | 9.84758 | 13 . 15255 | .99596 | 26 00430 | . 14838 | 13 Maule 18 
46 | vgar7i | 18 [o. 40284 | 0) 9962 95 |_-00404| . 14850 | 12 35150 | 16 
47 | ‘Savaz | 13 | - 15229] . 99646 5s, 10. 00379 |10. 14863 | 1° |-9, 16 
48 . 84796 | 12 . 15216 | . 99672 | 26 00354 | . 14875 | 12 . 85137 | 15 
49 84809 | 13 . 15204 | .99697 | 25 . 00328 | . 14888 | 18 .85125 | 14 
50 | 9.84822 |? .15191 | . 99722 | 25 - 00303 | . 14900 | 12 peated 13 
20 | 9. 84822 | 13/10. 15178 | 9. 99747 25 | ‘00278 | (14913 | 13 |“ gs087 | 11 
bo Th tence || He (lpm te tmbeor73 || Bee 70-00253 |10-14998| 13 G-sepee+ a 
53 ‘g4g60 | 18 . 15153 | . 99798 | 29 00227 | . 14938 | 12 . 85074 | 10 
54 . 84873 | 138 £15140 Paltggseg || 25° ies 00202 | .14951 | 13 | ° 85062 9 
a6 foreieaat| 12 erb127 javoorss | O25 | lemepdee laneen oes 12 ere 8 
26 | 7 4885 | 43 [10 15115 | 9. 9874 36 |_.00182| ‘14976 | 18 | 2 ss024| 6 
57 | .84911 | 13 . 15102} . 99899 | 25 10. 00126 |10. 14988 | 1? |-9. : 
58 | . 84923 | 12 . 15089 | . 99924 | 25 Ponioa pAeasoor | 12 1) eeeuac 5 
Bo It eqosn | 13 | bose sail oee 95 | -00076| .15014 | 18 . 849909 | 4 
60 | 9. 84949 13 . 15064 | 9. 99975 26 . 00051 15026 | 12 . 84986 3 
A 10. 15051 |10. 00000 | 2° . 00025 | . 15039 | 13 . 84974 2 
13405 cos | Diff 10, 00000 }10. 15051 | 12 | 9 Saesa} a 
il? sec Bot Diff awa | 9284949 0 
1 tan ese | Diff ; t 
i sin <45° 


0° 


(ie 


TABLE 34 


Haversines 


2° 


3c 


4° 


Log Hav 


In 
2 
2 
3 


f. Neg. 
. 82539 


92745 
27963 


. 92951 


Nat. Hav] Log Hav 


Nat. Hav} Log Hav 


Nat. Hav} Log Hav 


Nat. Hav] Log Hav 


Nat. Hav 


1421 


0. 00000]5. 88168 
. 0000 

. 00000 

. 00000 

. 00000 


0} . 89604) . 
. 91016} . 
. 92406) . 
. 93774) . 


0. 00008)6. 48371 
. 49092 
. 49807 
. 50516 
Hol219 


0. 00030)6. 83584 
. 00031] . 84065 
. 00031] . 84543 
. 00032} . 85019 
. 00033] . 85492 


0. 00069}7. 08564 
. 00069] . 08925 
. 00070 
. 00071) . 09642 
. 00072} . 09999 


. 09284 


0. 00122 
. 00123 
. 00124 
. 00125 
. 00126 


ee Rane, ¥ 


3 
3 
4 


. 72333 


88169 


. 01559 


. 138157 
. 23388 


. 32539 
. 40818 
. 48375 
. 55328 
. 61765 


. OOO0O]5. 
. 00000 
. 00000 
. 0OOOO)S. 
. OOOOOI6. 


95121 


. 96447] . 
. 97753) . 
99040} . 
00308) . 


51916 
. 52608 
. 58295 
. 53976 
54652 


. 00033)6. 85963 
. 00034] . 86431 
. 00034) . 86897 
. 00035} . 87360 
. 00035) . 87821 


. 00072]7. 10354 
. 00073} . 10708 
. 00074] . 11060 
. 00075) . 11411 
. 00076} . 11760 


. 00127 
. 00128 
. 00129 
. 00130 
. 00131 


. OOOOOI6. 
. 00000 
. 00000 
. 00000 
. 00000 


01557)0. 
. 02789] . 
. 04004! . 
. 05202) . 
. 06384) . 


. 55323 
. 55988 
. 56649 
. 57304 
. 57955 


. 00036}6. 88279 
. 00036). 88735 
. 00037] . 89188 
. 00037} . 89639 
. 00038] . 90088 


. 00076}7. 12108 
. 00077] . 12455 
. 00078} . 12800 
. 00079] . 138144 
. 00080} . 13486 


. 00132 
. 00133 
. 00134 
. 00135 
. 00136 


. 67757 
. 73363 
. 78629 
. 83594 
. 88290 


. 0OOOOI6. 
. 00001 
. 00001 
. 00001 
. 00001 


07550)0. 
. 08700} . 
. 09836) . 
. 10956) . 
. 12063} . 


. 58600 
. 59241 
. 59878 
. 60509 
. 61136 


. 00039]6. 90535 
. 00039] . 90979 
. 00040) . 91421 
. 00040} . 91860 
. 00041} . 92298 


. 00080}7. 13827 
. 00081} . 14167 
. 00082) . 14506 
. 00083] . 14843 
. 00084] . 15179 


. 00137 
. 00139 
. 00140 
. 00141 
. 00142 


. 92745 
. 96983 
. 01024 
. 04885 
. 08581 


. 00001)6. 
. 00001 
. 00001 
. 00001 
. 00001 


13155)0. 
. 14234) . 
. 15300} . 
. 16353} . 
. 17393} . 


. 61759 
. 62377 
. 62991 
. 63600 
. 64205 


. 000416. 92733 
. 00042) . 93166 
. 00043} . 93597 
. 00043] . 94026 
. 00044) . 94453 


. 00085]7. 15513 
. 00085] . 15846 
. 00086] . 16178 
. 00087} . 16509 
. 00088] . 16839 


. 00143 
. 00144 
. 00145 
. 00146 
. 00147 


12127 
. 15534 
. 18812 
. 21971 
. 25019 


. 000016. 
. 00001 
. 00002 
. 00002 
. 00002 


18421 
. 20441 


: 19437| . 


21433] . 
22415] . 


. 64806 
. 65403 
. 65996 
. 66585 
. 67170 


. 00044]6. 94877 
. 00045] . 95300 
. 00046] . 95720 
. 00046] . 96139 
. 00047} -. 96555 


. 00089]7. 17167 
. 00090} . 17494 
. 00091} . 17820 
. 00091} . 18144 
. 00092} . 18468 


. 00148 
. 00150 
. 00151 
. 00152 
. 00153 


. 27963 
. 80811 
. 833569 
. 86242 
. 38835 


0. 00002)6. 
. 00002 
. 00002 
. 00002 
. 00002 


23385 


. 24345) . 
. 25294! . 
. 26233) . 
. 27162) . 


0. . 67751 
. 68328 
. 68901 
. 69470 


. 70036 


. 00048]6. 96970 
. 00048}. . 97382 
. 00049} . 97793 
. 00050] . 98201 
. 00050} . 98608 


. 00093]7. 18790 
. 00094] . 19111 
. 00095} . 19430 
. 00096} . 19749 
. 00097] . 20066 


. 00154 
. 00155 
. 00156 
. 00158 
. 00159 


. 41352 
. 48799 
. 46179 
. 48496 
. 50752 


0. 00003)6. 
. 00003 
. 00003 
. 00003 
. 00003 


28081 


. 29891 
. 30781 


. 28991) . 


31663) . 


. 70598 
MLL oe 
. 71712 
. 72263 
. 72811 


0 


. 0005116. 99013 
. 00051} . 99416 
. 00052}6. 99817 
. 00053}7. 00216 
. 00053} . 00613 


. 00098I7. 
. 00099} . 20698 
. 00100} . 21012 
. 00100] . 21325 
. 00101) . 21636 


20383) 


. 00160 
. 00161 
. 00162 
. 00163 
. 00165 


. 52951 
. 55095 
. 57189 
. 59232 
. 61229 


0. 00003)6. 
. 00004 
. 00004 
. 00004 
. 00004 


32536)0. 
. 33400] . 
. 84256) . 
. 35103} . 
. 35943} . 


. 73355 
. 73896 
. 74434 
. 74969 
. 75500 


0. 000547. 01009 
. 00055] . 01403 
. 00056} . 01795 
. 00056} . 02185 
. 00057] . 02573 


. 00102)7. 21947 
. 00103] . 22256 
. 00104] . 22565 
. 00105} . 22872 
. 00106} . 23178 


. 00166 
. 00167 
. 00168 
. 00169 
. 00171 


. 63181 
. 65090 
. 66958 
. 68787 
. 10578 


0. 00004}6. 
. 00004 
. 00005 
. 00005 
. 00005} . 40021 


36774)0. 
. 87597) . 
. 88412) . 
. 39220} . 


. 76028 
. 76552 
. T7074 
. 17592 
. 78108 


0. 00058}7. 02960 
. 00058 
. 00059 
. 00060 
. 00060 


. 03345) . 
. 03729) . 
. 04110) . 
. 04490) . 


. 00107]7. 23483 
. 23787 
. 24090 
. 24392 
. 24693 


. 00172 
. 00173 
. 00174 
. 00175 
. 00177 


. 72332 
. 74052 
. 75739 
. 77394 
= (AOI 


0. 00005)6. 
. 00006 
. 00006 
. 00006 
. 00006 


. 43151 


408140. 
. 41600 . 
. 42379) . 


' 43916] . 


79129 
. 79636 
. 80139 
. 80640 


. 786201 


. 000617. 
. 00062] . 05245 
. 00063] . 05620 
. 00063} . 05994 
. 00064} . 06366 


04869) 


. 00112]7. 24993 
. 00113} . 25292 
. 00114] . 25590 
. OO115] . 25886 
. 00116} . 26182 


. 00178 
. 00179 
. 00180 
. 00181 
. 00183 


. 80611 


. 82176) . 
. 83713) . 
. 85224) . 
. 86709) . 


. 88168 


. OOOOGI6. 


. 46911 


0. 48371 


44675)0. 
. 45427) . 
. 46172) . 


47644) . 


§. 81137 


0. 00030)6. 83584 


. 81632) . 
. 82124) . 
. 82614) . 
. 83100} . 


. 00065)7. 06736 
. 07105 
. 07472 
. 07837 
. 08201 
0. 00069}7. 08564 


. 0011747. 26477 
. 00118} . 26771 
. 00119} . 27064 
. 00120} . 27355 
. 00121) . 27646 
0. 00122)7. 27936 


. 00184 
. 00185 
. 00186 
. 00188 
. 00189 


0. 00190 


Or NwrouOnovo 


359° 


358° 


357° 


356° 


355° 
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TABLE 34 
Haversines 
5° 6° ig 8° a 
Z Log Hav | Nat. Hay | Log Hay | Nat. Hay] Log Hav | Nat. Hay Log Hav | Nat. Hav] Log Hav |Nat. Hav] ’ 
0 | 7. 27936/0. 00190]7. 43760/0. 00274]7. 57135|0. 0037317. 687170. 0048717. 7892910. 00616] 60 
1 . 28225| . 00192} . 44001) . 00275) . 57341) . 00374] . 68897] . 00489] . 79089] . 00618] 59 
2 . 28513} . 00193} . 44241) . 00277] . 57547| . 00376] . 69077] . 00491] . 79249] . 00620} 58 
3 . 28800) . 00194] . 44480) . 00278) . 57752) . 00378] . 69257] . 00493] . 79409] . 00622] 57 
4 . 29086] . 00195] . 44719] . 00280} . 57957] . 00380] . 69437) . 00495! . 79568) . 00625] 56 
5 | 7. 29371/0. 00197|7. 44957|0. 0028217. 58162|0. 00382|7. 6961610. 0049717. 79728|0. 00627] 55 
6 . 29655) . 00198] . 45194! . 00283] . 58366) . 00383] . 69794! . 00499] . 79886) . 00629] 54 
7 . 29938) . 00199] . 45431] . 00285) . 58569] . 00385] . 69972) . 00501) . 80045! . 00632] 53 
8 . 30220} . 00201) . 45667) . 00286} . 58772] . 00387] . 70150) . 00503] . 80203) . 00634] 52 
9 - 30502) . 00202) . 45903) . 00288] . 58974] . 00389] . 70328] . 00505] . 80361) . 00636] 51 
10 7. 30782/0. 00203]7. 46138/0. 00289]7. 59176|0. 00391|7. 70505|0. 0050717. 8051910. 00639 50 
11 . 31062) . 00204] . 46372] . 00291] . 59378] . 00392] . 70682! . 00509] . 80677 . 00641) 49 
12 . 31340} . 00206] . 46605] . 00292] . 59579] . 00394] . 70858] . 00511) . 80834 . 00643} 48 
13 . 81618) . 00207] . 46838] . 00294] . 59779] . 00396] . 71034) . 005131 . 80991 . 00646] 47 
14 . 31895] . 00208] . 47071] . 00296] . 59979] . 00398] . 71210! . 00515} . 81147 . 00648} 46 
15 7. 32171|0. 00210]7. 47302|0. 00297|7. 60179|0. 0040017. 71385|0. 0051717. 8130310. 00650 45 
16 . 32446) . 00211) . 47533) . 00299] . 60378] . 00402] . 71560! . 00520 . 81459) . 00653) 44 
17 . 832720) . 00212] . 47764] . 00300) . 60577 . 00403) . 71735 . 00522) . 81615} . 00655} 43 
18 . 82994) . 00214) . 47994) . 00302) . 60775) . 00405] . 71909] . 00524 . 81771] . 00657] 42 
19 . 33266) . 00215] . 48223) . 00304! . 60973] . 00407] . 72083 . 00526} . 81926) . 00660} 41 
20 7. 33538/0. 00216]7. 48452|0. 00305]7. 611700. 0040917. 72257/0. 0052817. 8208110. 00662 40 
21 . 833809] . 00218] . 48680} . 00307] . 61367] . 00411] . 72430 . 00530} . 82235) . 00664) 39 
22 . 34079] . 00219} . 48907) . 00308] . 61564! . 00413] . 72603 . 00532] . 82390) . 00667} 38 
23 . 34348) . 00221) . 49134) . 00310} . 61760] . 00415] . 72775 . 00534] . 82544] . 00669] 37 
24 . 34616] . 00222) . 49360) . 00312 . 61955 . 00416] . 72948] . 00536] . 82698] . 00671] 36 
25 7, 3488410. 00223]7. 49586|0. 00313]7. 62151|0. 0041817. 7311910. 0053917. 8285110. 00674 35 
26 . 835150) . 00225} . 49811) . 00315] . 62345! . 00420] . 73291 . 00541) . 83004] . 00676) 34 
27 . 35416) . 00226] . 50036) . 00316] . 62540| . 004221 . 73462 . 00543] . 83157] . 00679) 33 
28 . 35681) . 00227] . 50259] . 00318] . 62733) . 00424 . 73633) . 00545] . 83310] . 00681) 32 
29 . 835945) . 00229} . 50483] . 00320] . 62927) . 00426 . 73803} . 00547] . 83463] . 00683] 31 
30 7. 36209/0. 00230)7. 50706|0. 00321|7. 63120/0. 00428|7. 7397410. 0054917. 8361510. 00686 30 
31 . 36471] . 00232] . 50928] . 00323] . 63312 . 00430} . 74143) . 00551] . 83767] . 00688] 29 
32 . 36733) . 00233] . 51149] . 00325] . 63504! . 00432 . 74313] . 00554] . 83918] . 00691] 28 
33 . 36994] . 00234) . 51370] . 00326] . 63696! . 00433 . 74482) . 00556] . 84070] . 00693] 27 
34 . 87254] . 00236] . 51591] . 00328] . 63887 . 00435} . 74651] . 00558] . 84221] . 00695] 26 
35 7. 37514/0. 00237)7. 51811/0. 00330|7. 64078|0. 00437|7. 7481910. 005607. 8437210. 00698 25 
36 . 37773} . 00239] . 52030] . 00331) . 64269 . 00439] . 74988] . 00562] . 84522] . 00700) 24 
37 . 838030) . 00240] . 52249] . 00333] . 64458 . 00441) . 75155) . 00564] . 84672) . 00703) 23 
38 . 838288) . 00241] . 52467] . 00335] . 64648 . 00443} . 75323) . 00567] . 84822] . 00705] 22 
39 . 88544) . 00243) . 52685] . 00336) . 64837 . 00445} . 75490) . 00569} . 84972! . 00707] 21 
40 7. 38800/0. 00244)7. 52902/0. 00338|7. 650260. 00447|7. 7565710. 0057117. 851220, 00710 20 
41 . 39054] . 00246) . 53119! . 00340] . 65214 . 00449) . 75824] . 00573] . 85271] . 007121 19 
42 . 89309] . 00247] . 53335] . 00341) . 65402 . 00451] . 75990) . 00575] . 85420] . 00715] 18 
43 . 89562! . 00249) . 53550] . 00343) . 65590 . 00453] . 76156) . 00578] . 85569] . 007171 17 
44 . 39815 . 00250) . 53766} . 00345] . 65777) . 00455] . 76321 . 00580] . 85717! . 00720). 16 
45 7. 40067|0. 00252/7. 53980|0. 003477. 65964/0. 00457|7. 76487\0. 0058217. 8586610. 00799 5 
46 . 40318} . 00253] . 54194) . 00348] . 66150 . 00459) . 76652) . 00584] . 86014! . 00725) 14 
47 . 40568) . 00255] . 54407] . 00350) . 66336 . 00461) . 76816} . 00586] . 86161] . 007271 13 
48 . 40818] . 00256] . 54620] . 003521 . 66521 . 00463} . 76981} . 00589] . 86309] . 00730) 12 
49 . 41067| . 00257] . 54833] . 00353] . 66706 . 00465) . 77145) . 00591] . 86456] . 00732) 11 
50 7, 41315)0. 00259}7. 55045/0. 00355]7. 66891|0. 0046717. 77308|0. 0059317. 8660310. 00735 10 
ol . 41563) . 00260} . 55256! . 00357] . 67075 . 00469] . 77472) . 00595] . 86750] . 00737] 9 
52 - 41810) . 00262] . 55467) . 00359 . 67259) . 00471) . 77635] . 00598] . 86896 . 00740] 8 
53 . 42056] . 00263] . 55677| . 00360 . 67443) . 00473] . 77798) . 00600] . 87042 . 00742] 7 
54 . 42301) . 00265] . 55887] . 00362 . 67626) . 00475] . 77960] . 00602] . 87188 . 00745] 6 
55 7. 42546). 00266]7. 56096|0. 0036417. 67809 /0. 00477|7. 7812210. 0060417. 873340. 00747 5 
56 . 42790] . 00268) . 56305! . 00366 . 67991] . 00479) . 78284! . 00607 . 87480] . 00750} 4 
57 . 43034) . 00269] . 56513! . 00367 . 68173) . 00481] . 78446] . 00609] . 87625 . 00752] 3 
58 . 43277) . 00271) . 56721] . 00369 . 68355) . 00483] . 78607) . 00611] . 87770 . 00755} 2 
59 . 43519] . 00272] . 56928] . 00371 . 68536) . 00485] . 78768) . 00613] . 87915 20075 ite 1 
60 7, 48760/0. 0027417. 57135|0. 00373]7. 68717/0. 004877. 78929]0. 0061617. 8805910. 00760 0 
354° 353° 352° 351° 


350° 
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TABLE 34 
Haversines 
a a ee ee OS Se ee ee at 
10° 11° 12° 13° 14° 

a Log Hav | Nat. Hav} Log Hay | Nat. Hav} Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav |Nat. Hav] ’ 
0 | 7. 88059)0. 00760]7. 96315)0. 00919]8. 03847/0. 01093]8. 10772/0. 01281]8. 17179]0. 01485] 60 
1 . 88203) . 00762] . 96446) . 00921] . 03967) . 01096] . 10883] . 01285] . 17282) . 01489) 59 
2 . 88348) . 00765] . 96577) . 00924] . 04087) . 01099) . 10993} . 01288} . 17384) . 01492] 58 
3 . 88491| . 00767} . 96707! . 00927] . 04207] . 01102] . 11104) . 01291] . 17487] . 01496] 57 
4 . 88635) . 00770} . 96838) . 00930] . 04326) . 01105] . 11214] . 01295} . 17590) . 01499] 56 
5 | 7. 88778)/0. 00772}7. 96968/0. 00933]8. 04446]0. 01108]8. 1132410. 01298]8. 17692]0. 01503] 55 
6 . 88921) . 00775] . 97098} . 00935) . 04565) . 01111) . 11435} . 01301] . 17794) . 01506} 54 
vd . 89064) . 00777] . 97228) . 00938] . 04684) . 01114] . 11544| . 01305] . 17896) . 01510} 53 
8 . 89207| . 00780} . 97358) . 00941] . 04803) . 01117] . 11654) . 01308] . 17998) . 01513] 52 
9 . 89349) . 00783] . 97487) . 00944] . 04922) . 01120) . 11764) . 01311] . 18100) . 01517) 51 
10 | 7. 89491/0. 00785}7. 97617/0. 00947]8. 05041/0. 01123]8. 11873/0. 01314]8. 18202/0. 01521] 50 
11 . 89633} . 00788] . 97746) . 00949} . 05159) . 01126} . 11983) . 01318] . 18303) . 01524) 49 
12 . 89775) . 00790) . 97875) . 00952) . 05277) . 01129] . 12092] . 01321] . 18405) . 01528] 48 
13 . 89916} . 00793} . 98003) . 00955] . 05395) . 01132} . 12201) . 01324] . 18506) . 01531] 47 
14 . 90057| . 00795] . 98132) . 00958] . 05513) . 01135) . 12310} . 01328] . 18607) . 01535] 46 
15 | 7. 90198/0. 00798]7. 98260)0. 00961]8. 05631/0. 01138]8. 12419)/0. 01331]8. 18709|0. 01538] 45 
16 . 90339} . 00801) . 98389) . 00964) . 05749} . 01142] . 12528) . 01334] . 18810) . 01542) 44 
17 . 90480; . 00803] . 98517) . 00966} . 05866} . 01145] . 12636) . 01338} . 18910) . 01546} 43 
18 . 90620; . 00806] . 98644) . 00969] . 05984) . 01148] . 12745) . 01341] . 19011) . 01549} 42 
19 . 90760} . 00808} . 98772) . 00972] . 06101) . 01151] . 12853) . 01344) . 19112) . 01553] 41 
20 | 7. 90900/0. 00811]7. 98899/0. 00975]8. 06218/0. 011548. 12961/0. 01348]8. 19212/0. 01556] 40 
21 . 91039} . 00814) . 99027) . 00978] . 06335) . 01157] . 138069) . 01351] . 19313) . 01560) 39 
22 . 91179) . 00816] . 99154) . 00981] . 06451) . 01160) . 13177) . 01354] . 19413) . 01564] 38 
23 . 91318) . 00819] . 99281) . 00984] . 06568) . 01163] . 138285] . 01358] . 19513) . 01567] 37 
24 . 91457| . 00821] . 99407) . 00986] . 06684) . 01166] . 138392) . 01361} . 19613) . 01571] 36 
25 | 7. 91596/0. 0082417. 99534/0. 00989]8. 06800/0. 01170]8. 13500)0. 01365]8. 19713)0. 01574] 35 
26 . 91734) . 00827] . 99660) . 00992] . 06917) . 01173] . 138607) . 01368] . 19813} . 01578] 34 
27 . 91872] . 00829} . 99786) . 00995] . 07032) . 01176] . 13714] . 01371] . 19913) . 01582] 33 
28 . 92010] . 00832]7. 99912! . 00998] . 07148] . 01179} . 13822) . 01375] . 20012) . 01585) 32 
29 . 92148} . 00835]8. 00038) . 01001] . 07264) . 01182} . 13928} . 01378) . 20112) . 01589) 31 
30 | 7. 92286/0. 00837]8. 00163/0. 01004]8. 07379/0. 01185]8. 14035/0. 01382]8. 20211|0. 01593] 30 
31 . 92423] . 00840} . 00289) . 01007] . 07494; . 01188] . 14142) . 01385] . 20310) . 01596} 29 
32 . 92560} . 00843] . 00414! . 01010] . 07610) . 01192] . 14248) . 01388] . 20410) . 01600] 28 
3 . 92697] . 00845] . 00539] . 01012] . 07725] . 01195] . 14355) . 01392} . 20509} . 01604] 27 
34 . 92834! . 00848] . 00664! . 01015] . 07839] . 01198] . 14461] . 01395] . 20608] . 01607] 26 
35 | 7. 92970/0. 00851]8. 00788/0. 01018]8. 07954/0. 01201]8. 14567|0. 01399]8. 20706)0. 01611] 25 
36 . 93107] . 00853} . 00913) . 01021] . 08069] . 01204] . 14673] . 01402] . 20805) . 01615] 24 
St . 93243] . 00856] . 01037! . 01024] . 08183} . 01207] . 14779) . 01405] . 20904) . 01618] 23 
38 . 93379] . 00859] . 01161) . 01027] . 08297] . 01211) . 14885] . 01409] . 21002) . 01622] 22 
39 . 93514} . 00861] . 01285} . 01030) . 08411) . 01214] . 14991] . 01412] . 21100) . 01626) 21 
40 | 7. 9365010. 00864/8. 01409/0. 01033}8. 08525/0. 01217|8. 15096/0. 01416]8. 21199/0. 01629} 20 
4] . 93785] . 00867] . 01532! . 01036] . 08639] . 01220] . 15201} . 01419] . 21297) . 01633] 19 
42 - 93920! . 00869] . 01656! . 01039] . 08752) . 01223) . 15307) . 01423] . 21395) . 01637] 18 
43 94055] . 00872] . 01779! . 01042] . 08866! . 01226] . 15412) . 01426] . 21493) . 01640) 17 
44 . 94189] . 00875] . 01902] . 01045] . 08979} . 01230) . 15517) . 01429] . 21590) . 01644] 16 
45 | 7. 9432410. 00877/8. 02025/0. 01048]8. 090920. 01233]8. 15622/0. 01433]8. 21688)0. 01648} 15 
46 94458] . OO880] . 02148] . 01051] . 09205) . 01236] . 15726] . 01436] . 21785) . 01651) 14 
47 - 94592! . 00883] . 02270! . 01054] . 09318] . 01239] . 15831) . 01440] . 21883) . 01655) 13 
48 - 94726] . 00886] . 02392) . 01057] . 09431) . 01243] . 15935) . 01443] . 21980) . 01659) 12 
49 - 94859] . OO888] . 02515] . 01060] . 09543) . 01246] . 16040) . 01447] . 22077| . 01663) 11 
50 7. 94992|0. 0089118. 02637/0. 01063]8. 09656|0. 01249]8. 16144/0. 01450)8. 22175)0. 01666 10 
51 . 95126) . 00894] . 02758] . 01066] . 09768) . 01252) . 16248) . 01454) . 22272 . 01670 9 
52 . 95259) . 00897] . 02880) . 01069] . 09880) . 01255] . 16352) . 01457) . 22368 . 01674 8 
53 - 95391!) . 008991 . 03001| . 01072] . 09992! . 01259] . 16456} . 01461) . 22465) . 01677) 7 
54 95524! . 00902] . 03123) . 01075] . 10104| . 01262] . 16559) . 01464] . 22562) . 01681 6 
55 7. 9565610. 0090518. 0324410. 01078]8. 10216|0. 01265]8. 16663/0. 01468]8. 22658/0. 01685 5 
56 . 95788! . 00908] . 03365| . 01081) . 10327} . 01268] . 16766; . 01471] . 22755 . 01689] 4 
57 . 95920] . 00910] . 03486! . 01084] . 10439) . 01272] . 16870) . 01475 . 22851 . 01692] 3 
58 . 96052] . 00913] . 03606! . 01087] . 10550) . 01275) . 16973) . 01478] . 22947 . 01696} 2 
59 . 96183! . 00916] . 03727! . 01090] . 10661} . 01278] . 17076} . 01482] . 23044 . 01700 1 
60 7. 96315/0. 0091918. 038470. 01093]8. 10772/0. 01281]8. 17179|0. 01485]8. 23140)0. 01704 0 
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TABLE 34 


Haversines 


15° 18° 19° 


; Log Hav Log Hav | Nat. Hav] ’ 

. 23140 0. 02447/8. 43522/0. 02724] 60 

‘ eich ‘ . 38946) . . 43597) . 02729) 59 
2 »20001|. . 39026) . . 43673) . 02734] 58 
3 . 23427) . . 89105) . . 43748] . 02738] 57 
4 . 238523) . . 89185} . . 43823} . 02743) 56 
5 | 8. 23618)/0. . 39264 43899/0. 02748] 55 
6 . 23713} -. . 39344! . . 43974) . 02753) 54 
7 . 23809) . . 39423) . . 44049) . 02757] 53 
8 . 23904) . . 89502} . . 44124) . 02762] 52 
9 . 23999) . . 39581 . 44199) . 02767] 51 
10 | 8. 24094)0. . 39660 44273)0. 02772} 50 
11 . 24189] . . 39739] . . 44348) . 02776} 49 
113 . 24283) . . 39818} . . 44423) . 02781] 48 
13 . 24378) . . 39897) . . 44498) . 02786] 47 
14 . 24473) . . 39976) . . 44572| . 02791] 46 
15 | 8. 24567/0. . 40055 44647)\0. 02796] 45 
16 . 24661) . . 40133) . . 44721) . 02800] 44 
i, . 24755) . . 40212) . . 44796) . 02805] 43 
18 . 24850) . . 40290] . . 44870) . 02810] 42 
19 . 24944) . . 40369) . . 44944) . 02815] 41 
20 | 8. 25037)0. . 40447 45018)/0. 02820} 40 
2h PRS HN . 40525) . . 45093) . 02824] 39 
22 eZ O22 . 40603} . . 45167] . 02829] 38 
23 . 20319) . . 40681) . . 45241| . 02834] 37 
24 . 25412) . . 40760} . . 45315] . 02839] 36 
25 | 8. 25505)0. . 40837 45388)0. 02844] 35 
26 . 25599) . . 40915) . . 45462) . 02849] 34 
27 . 25692) . . 40993) . . 45536} . 02853] 33 
28 . 25785) . . 41071) . . 45610) . 02858] 32 
29 . 25878] . . 41149) . . 45683] . 02863] 31 
30 | 8. 25971)0. . 41226 45757|0. 02868] 30 
31 . 26064) . . 41304] . . 45830) . 02873] 29 
32 « 26156). . 41381) . . 45904| . 02878] 28 
33 . 26249) . . 41459) . . 45977) . 02883] 27 
34 . 26341 . 41536) . . 46050} . 02887] 26 
35 | 8. 264340. . 41613 46124/0. 02892] 25 
36 . 26526] . . 41690) . - 46197] . 02897] 24 
37 . 26618] . . 41767] . . 46270) . 02902] 23 
38 . 26710) . . 41845) . . 46343) . 02907] 22 
__ 39 . 26802] . . 41921 . 46416] . 02912] 21 
40 | 8. 26894/0. . 41998)0. . 46489)/0. 02917] 20 
41 . 26986) . . 42075) . - 46562) . 02922) 19 
42 . 27078). . 24 2152\—. . 46634] . 02926] 18 
43 . 27169] . . 42229) . - 46707) . 02931] 17 
44 |. 27261) . 42305] . . 46780] . 02936] 16 
45 | 8. 27352/0. . 42382 468520. 02941] 15 
46 . 27443) . . 42458] . . 46925) . 02946] 14 
47 «27034 . . 42535) . - 46998) . 02951] 13 
48 . 27626) . . 42611) . - 47070} . 02956) 12 
49 | .0277171 . 42687] . . 47142) . 02961] 11 
50 | 8. 27807/0. . 42764 47215/0. 02966} 10 
51 . 27898] . . 42840} . . 47287) .02971] 9 
52 . 27989] . . 42916) . . 47359] . 02976] 8 
53 . 28080) . . 42992) . . 47431} . 02981] 7 
54 - 28170 i; . 43068) . . 47503] . 02986] 6 
55 | 8. 28260/0. . 43144 47575|0. 02991] 5 
56 . 28351 . 43219} . . 47647] . 02996] 4 
57 . 28441 . 43295 - 47719} . 03000] 3 
58 . 28531 . 43371) . - 47791) . 03005] 2 
59 . 286211) . . 43446] . 47862| . 03010] 1 
60 | 8. 28711/0. 43522 47934|0. 03015] 0 


344° 


341° 340° 


1425 


TABLE 34 


Haversines 


20° 


21° 22° 23° 


Log Hav | Nat. Hav} Log Hav | Nat. Hav} Log Hav | Nat. Hav} Log Hav “ 
0 | 8. 47934/0. 03015]8. 52127/0. 03321]8. 56120/0. 03641]8. 59931 60 
1 . 48006} . 03020] . 52195) . 03326] . 56185) . 03646) . 59993) . 03980] . , 59 
2 . 48077) . 038025} . 52263) . 03331} . 56250) . 03652] . 60055) . 03986] . 63695) . 04335] 58 
3 . 48149) . 03030) . 52331) . 03337] . 56315) . 03657] . 60117) . 03992] . 63754) . 04340} 57 
4 . 48220] . 03035} . 52399) . 03342] . 56379} . 03663] . 60179) . 03998] . 63813] . 04346] 56 
5 | 8. 48292/0. 03040]8. 52467/0. 03347]8. 56444/0. 03668]/8. 60241/0. 04003]8. 63872/0. 04352) 55 
6 . 48363] . 03045] . 52535) . 03352] . 56509) . 03674] . 60303) . 04009] . 63932) . 04358} 54 
7 . 48434! . 03050] . 52602) . 03358] . 56574) . 03679) . 60365) . 04015} . 63991) . 043864] 53 
8 . 48505} . 03055] . 52670! . 03363] . 56638) . 03685] . 60426) . 04020) . 64050) . 04370] 52 
9 . 48576] . 03060} . 52738) . 03368] . 56703) . 03690] . 60488) . 04026] . 64109) . 04376} 51 
8. 4864810. 03065]8. 52806/0. 03373]8. 56767/0. 03695]8. 60550/0. 04032)8. 64168)0. 04382] 50 
. 48719} . 03070} . 52873] . 03379] . 56832) . 03701] . 60611) . 04038} . 64227) . 04388] 49 
. 48789] . 03075] . 52941] . 03384] . 56896} . 03706] . 60673) . 04043] . 64286) . 04394] 48 
. 48860] . 03080} . 53008] . 03389] . 56960) . 03712} . 60734) . 04049] . 643845) . 04400] 47 
Pe | __. 48931 . 03085] . 53076) . 03394] . 57025) . 03717] . 60796) . 04055] . 64404) . 04406] 46 
8. 49002/0. 03090]8. 5314310. 03400]8. 57089/0. 03723]8. 60857/0. 040608. 64463)0. 04412] 45 
. 49073) . 03095] . 53210] . 03405] . 57153] . 03728] . 60919] . 04066] . 64521] . 04418] 44 
. 49143] . 03101] . 53277] . 03410] . 57217) . 03734] . 30980) . 04072} . 64580) . 04424) 43 
. 49214) . 03106] . 53345) . 03415] . 57282) . 03740} . 51041) . 04078] . 64639) . 04430) 42 
. 49284! . 03111]. 53412) . 03421] . 57346) . 03745] . 61103) . 04083] . 64697) . 04436) 41 
8. 4935510. 03116]8. 53479/0. 03426]8. 57410)0. 03751]8. 61164)0. 04089]8. 64756)0. 04442] 40 
. 49425] . 03121] . 53546) . 03431] . 57474] . 03756] . 61225) . 04095] . 64815) . 04448) 39 
. 49496] . 03126) . 53613) . 03437] . 57538) . 03762) . 61286) . 04101] . 64873) . 04454) 38 
49566) . 03131) . 53680) . 03442] . 57601) . 03767] . 61347| . 04106) . 64932) . 04460) 37 
. 49636] . 03136] . 53747| . 03447] . 57665] . 03773] . 61408) . 04112] . 64990) . 04466] 36 
8. 4970610. 03141]8. 53814/0. 03453]8. 57729|0. 03778]8. 61469|0. 04118}8. 65049)0. 04472) 35 
.49777| . 03146] . 53880] . 03458] . 57793} . 03784] . 61530) . 04124] . 65107) . 04478] 34 
. 49847| . 03151] . 53947) . 03463] . 57856) . 03789) . 61591) . 04130) . 65165) . 04484] 33 
. 49917] . 03156] . 54014] . 03468] . 57920] . 03795) . 61652) . 04135] . 65224] . 04490} 32 
. 49987) . 03161] . 54080! . 03474] . 57984] . 03800] . 61713] . 04141] . 65282) . 04496] 31 
8. 500560. 03166]8. 54147/0. 03479]8. 58047/0. 03806]8. 61773)0. 04147]8. 65340)0. 04502] 30 
. 50126] . 03171 . 54214) . 03484] . 58111) . 03812] . 61834) . 04153] . 65398) . 04508} 29 
50196) . 03177] . 54280) . 03490] . 58174! . 03817] . 61895) . 04159} . 65456) . 04514] 28 
. 50266) . 03182) . 54346] . 03495] . 58238] . 03823] . 61955) . 04164) . 65514) . 04520 27 
. 50335! . 03187] . 54413) . 03500] . 58301) . 03828] . 62016} . 04170) . 65572) . 04526) 26 
8. 50405/0. 0319218. 54479|0. 03506]8. 58364\0. 03834]8. 62077)0. 04176]8. 65630)0. 04532 25 
.50475| . 03197] . 54545] . 03511] . 58427) . 03839] . 62137| . 04182) . 65688) . 04538 24 
. 50544) . 03202) . 54612] . 03517) . 58491] . 03845) . 62197] . 04188) . 65746) . 04544 23 
50614! . 03207] . 54678) . 03522) . 58554] . 03851] . 62258) . 04194] . 65804) . 04550 22 
. 50683! . 03212) . 54744| . 03527) . 58617) . 038856) . 62318) . 04199] . 65862) . 04556} 21 
8. 50752/0. 0321818. 54810\0. 03533]8. 58680|0. 03862]8. 62379/0. 04205)8. 65920)0. 04562] 20 
- 50821] . 03223] . 54876! . 03538] . 58743) . 03867] . 62439) . 04211] . 65978) . 04569} 19 
. 50891! . 03228) . 54942] . 03543] . 58806) . 03873] . 62499) . 04217] . 66035) . 04575) 18 
. 50960! . 03233] . 55008) . 03549] . 58869] . 03879] . 62559) . 04223) . 66093) . 04581} 17 
. 51029] . 03238) . 55073) . 03554] . 58932] . 03884] . 62619) . 04229] . 66151| . 04587] 16 
8. 51098/0. 0324318. 55139/0. 03560]8. 58994)0. 03890]8. 62680)0. 04234/8. 662080. 04593} 15 
. 51167) . 03248] . 55205) . 03565) . 59057! . 03896) . 62740] . 04240] . 66266] . 04599) 14 
51236! . 03254] . 55271] . 03570] . 59120} . 03901] . 62800] . 04246) . 66323) . 04605] 13 
51305! . 03259] . 55336) . 03576] . 59183} . 03907] . 62860} . 04252) . 66381) . 04611} 12 
. 51374! . 03264] . 55402) . 03581] . 59245] . 03912) . 62919] . 04258) . 66438] . 04617] 11 
8, 51442/0. 03269]8. 55467/0. 03587]8. 59308/0. 03918]8. 62979)0. 04264]8. 66496)0. 04623] 10 
. 51511) . 03274] . 55533] . 03592] . 59370) . 03924] . 63039) . 04270) . 66553) . 04629} 9 
. 51580] . 03279] . 55598! . 03597] . 59433) . 03929] . 63099) . 04276] . 66610} . 04636 8 
. 51648] . 03285) . 55664| . 03603] . 59495) . 03935) . 63159) . 04281] . 66668) . 04642] 7 
. 51717) . 03290) . 55729] . 03608] . 59558] . 03941) . 63218) . 04287| . 66725) . 04648] 6 
8. 5178510. 0329518. 5579410. 0361418. 59620/0. 03946]8. 63278)0. 04293]8. 66782)/0. 04654] 5 
. 51854) . 03300) . 55859] . 03619] . 59682) . 03952) . 63338) . 04299] . 66839] . 04660) 4 
. 51922! . 03305) . 55925] . 03624] . 59745] . 03958] . 63397) . 04305] . 66896) . 04666] 3 
. 51990] . 03311] . 55990] . 03630} . 59807) . 03963) . 63457| . 04311] . 66953] . 04672] 2 
. 52058! . 03316] . 56055] . 03635) . 59869] . 03969] . 63516) . 04317] . 67010] . 04678] 1 
. 62127)0.  56120/0. 03641]8. 59931)/0. 03975]8. 63576/0. 04323 8. 67067|0. 04685} 0 


338° 337° 336° 335° 


339° 


1426 


25° 


TABLE 34 


Haversines 


Log Hav | Nat. Hav] Log Hav | Nat. Hav Log Hav | Nat. Hav} Log Hav ss 

0 | 8. 67067|0. 04685]8. 70418/0. 05060]8. 73637|0. 05450/8. 76735 60 

1 . 67124) . 04691] . 70472) . 05067] . 73690! . 05456] . 76786) . 05859 59 

2 . 67181) . 04697] . 70527| . 05073] . 73742) . 05463] . 76836) . 05866 58 

3 . 67238} . 04708] . 70582) . 05079] . 73795! . 05469] . 76887] . 05873 ov 

4 . 67295] . 04709] . 70636] . 05086] . 73847| . 05476] . 76938] . 05880 56 

5 | 8. 67352/0. 04715]8. 70691/0. 05092]8. 739000. 05483/8. 76988)0. 05887]8 55 

6 . 67409] . 04722] . 70745] . 05099] . 73952| . 054809] . 77039| . 05894 54 

rd . 67465] . 04728] . 70800) . 05105] . 74005! . 05496] . 77089] . 05901 53 

8 . 67522) . 04734] . 70854! . 05111) . 74057] . 05503) . 77139] . 05907 52 

9 . 67579) . 04740} . 70909) . 05118] . 74109) . 05509] . 77190} . 05914 51 
10 | 8. 67635)0. 04746]8. 70963/0. 0512418. 7416210. 05516 8. 77240/0. 05921]8 50 
ii . 67692| . 04752] . 71017/ . 05131] . 74214! . 05523) . 77291} . 05928 49 
12 . 67748) . 04759] . 71072] . 05137] . 74266! . 05529] . 77341) . 05935 48 
1133 . 67805] . 04765] . 71126) . 051441 . 74318) . 05536] . 77391) . 05942 47 
14 . 67861) . 04771} . 71180] . 05150] . 74371! . 05542) . 77441| . 05949 46 
15 | 8. 67918|0. 04777/8. 7123410. 0515618. 7442310. 05549]8. 77492/0. 05955|8 45 
16 . 67974) . 04783] . 71289] . 05163] . 74475| . 05556] . 77542) . 05962 44 
17 . 68030} . 04790] . 71343] . 05169] . 74527) . 05562] . 77592) . 05969 43 
18 . 68087] . 04796] . 71397] . 05176] . 74579] . 05569] . 77642) . 05976 42 
19 - 68143) . 04802] . 71451! . 05182) . 74631 05576] . 77692) . 05983 41 
20 | 8. 68199/0. 04808]8. 71505/0. 05189]8. 7468310. 05582]8. 7774210. 0599018 40 
21 . 68256] . 04815] . 71559] . 05195] . 74735) . 05589] . 77792) . 05997 39 
22 . 68312) . 04821] . 71613] . 05201] . 74787] . 05596] . 77842) . 06004 38 
23 . 68368) . 04827] . 71667] . 05208] . 74839) . 05603] . 77892] . 06011 37 
24 - 68424] . 04833] . 71721] . 05214] . 74890] . 05609] . 77942) . 06018 36 
25 | 8. 68480/0. 04839]8. 71774/0. 0522118. 74942/0. 05616]8. 77992/0. 06024|8 30 
26 . 68536) . 04846] . 71828) . 05227] . 74994 . 05623] . 78042) . 06031 34 
27 . 68592) . 04852] . 71882) . 05234] . 75046 . 05629] . 78092) . 06038 33 
28 . 68648) . 04858] . 71936] . 05240] . 75097 . 05636] . 78142) . 06045 oo 
29 - 68704} . 04864! . 71989] . 05247] . 75149] . 05643] . 78191| . 06052 31 
30 | 8. 68760|0. 04871]8. 72043)0. 05253]8. 75201/0. 05649]8. 7824110. 06059|8 30 
31 . 68815) . 04877] . 72097| . 05260] . 75252] . 05656] . 78291! . 06066 29 
32 . 68871] . 04883] . 72150! . 05266] . 75304! . 05663] . 78341! . 06073 28 
33 . 68927) . 04890] . 72204! . 05273] . 75355] . 05670] . 78390! . 06080 27 
34 . 68983) . 04896] . 72257] . 05279] . 75407| . 05676] . 78440! . 06087 26 
35 | 8. 69038/0. 04902]8. 72311I0. 052868. 7545810. 05683]/8. 7849010. 06094 8 25 
36 . 69094) . 04908] . 72364! . 05292] . 75510} . 05690] . 78539] . 06101 24 
37 . 69149) . 04915] . 72418] . 05299] . 75561} . 05697] . 78589] . 06108 23 
38 . 69205) . 04921] . 72471! . 05305) . 75613! . 05703] . 78638! . 06115 22 
39 - 69260) . 04927] . 72525! . 05312) . 75664! . 05710] . 78688! . 06122 21 
40 | 8. 69316]0. 0493418. 72578\o. 05318]/8. 75715/0. 05717|8. 78737)0. 06129]8 20 
41 . 69371) . 04940] . 72631] . 05325) . 75767] . 05724] . 78787) . 06136 19 
42 . 69427] . 04946] . 72684! . 053311 . 75818] . 05730] . 78836) . 06143 18 
43 . 69482) . 04952] . 72738] . 053381 . 75869) . 05737] . 78885! . 06150 V7 
44 . 69537] . 04959] . 72791! . 05345) . 75920] . 05744! . 78935! . 06157 16 
45 | 8. 69593]0. 04965]8, 72844 0. 05351]8. 75972|0. 0575118. 78984\0. 06164]8 15 
46 . 69648! . 04971] . 72897] . 05358] . 76023) . 05757] . 79033! . 06171 14 
47 . 69703) . 04978] . 72950! . 05364 . 76074) . 05764] . 79082! . 06178 he} 
48 . 69758) . 04984] . 73003] . 05371 . 76125) . 05771] . 79132) . 06185 1? 
49 . 69814! . 04990] . 73056! . 05377 . 76176| . 05778} . 79181! . 06192 11 
50 | 8. 69869)0. 04997]8. 73109/0. 05384|8. 76227|0. 05785 8. 79230/0. 061998 10 
51 . 69924) . 05003] . 73162!) . 05390] . 76278) . 05791] . 79279) . 06206 9 
52 - 69979] . 05009] . 73215] . 05397] . 76329] . 05798] . 79328) . 06213 8 
53 . 70034! . 05016] . 73268) . 05404] . 76380! . 05805] . 79377) . 06220 ri 
54 . 70089) . 05022) . 73321 05410} . 76431} . 05812] . 79426) . 06227 6 
55 | 8. 70144/0. 05028]8. 73374/0. 05417]8. 76481/0. 05819 8. 79475/0. 062348 5 
56 . 70198] . 05035] . 73426) . 05423] . 76532] . 05825] . 79524! . 06241] . 4 
57 - 70253] . 05041] . 73479] . 05430} . 76583! . 05832] . 79573) . 06248} . 3 
58 . 70308] . 05048] . 73532) . 05436] . 76634) . 05839] . 79622 06255 2 
59 . 70363) . 05054] . 73584! . 05443] . 76684! . 05846] . 79671 06262 a 
60 | 8. 70418/0. 050608. 73637\0. 0545018. 7673510. 05853]8. 79720 0 

334° 333° 332° 


331° 


TABLE 34 


Haversines 


30° 31° Bye 33° 


34° 


1427 


a Log Hav | Nat. Hav] Log Hav | Nat. Hav} Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav 
0 | 8. 82599)0. 06699]8. 85380/0. 07142/8. 88068)0. 07598]8. 90668/0. 080668. 93187|0. 08548} 60 
1 . 82646] . 06706} . 85425) . 07149) . 88112) . 07605) . 90711] . 08074] . 93228) . 08556) 59 
2 . 82694) . 06713] . 85471) . 07157) . 88156) . 07613) . 90754! . 08082] . 93270) . 08564) 58 
3 . 82741| . 06721] . 85516} . 07164) . 88200} . 07621] . 90796] . 08090} . 93311] . 08573) 57 
4 . 82788) . 06728] . 85562) . 07172] . 88244) . 07628) . 90839} . 08098} . 93352) . 08581] 56 
5 | 8. 82835/0. 06735]8. 85607/0. 07179]8. 88288]0. 07636]8. 90881/0. 08106]8. 93393)0. 08589) 55 
6 . 82882) . 06742] . 85653) . 07187] . 88332) . 07644) . 90924) . 08114] . 93435) . 08597] 54 
7 . 82929) . 06750} . 85698) . 07194] . 88375) . 07652] . 90966] . 08122) . 93476) . 08605] 53 
8 . 82976] . 06757) . 85743) . 07202) . 88419] . 07659} . 91009] . 08130] . 93517) . 08613} 52 
9 . 83023) . 06764] . 85789] . 07209] . 88463] . 07667] . 91051) . 08138] . 93558) . 08621) 51 
10 | 8. 83069)0. 06772]8. 85834/0. 07217]8. 88507|0. 07675]8. 91094|0. 08146]8. 93599]0. 08630} 50 
11 . 83116] . 06779] . 85879] . 07224] . 88551] . 07683} . 91136] . 08154) . 93640} . 08638) 49 
12 . 83163] . 06786] . 85925) . 07232] . 88595] . 07690) . 91179] . 08162] . 93681] . 08646) 48 
13 . 83210] . 06794] . 85970] . 07239] . 88638] . 07698] . 91221) . 08170) . 93722) . 08654] 47 
14 . 83257] . 06801] . 86015] . 07247| . 88682) . 07706] . 91263) . 08178] . 93764) . 08662) 46 
15 | 8 83303/0. 06808]8. 86060)0. 07254]8. 88726|0. 07714]8. 91306/0. 081868. 93805)0. 08671] 45 
16 . 83350] . 06816} . 86105] . 07262] . 88769] . 07721) . 91348) . 08194] . 93846] . 08679) 44 
17 . 83397| . 06823] . 86151] . 07270] . 88813] . 07729] . 91390) . 08202] . 93886! . 08687) 43 
18 . 83444! . 06830] . 86196) . 07277] . 88857) . 07737] . 91432) . 08210} . 93927] . 08695) 42 
19 . 83490] . 06838] . 86241] . 07285] . 88900] . 07745} . 91475] . 08218] . 93968) . 08703) 41 
20 | 8. 83537/0. 06845]8. 86286]0. 07292]8. 889440. 0775218. 91517/0. 08226)/8. 94009]0. 08711) 40 
21 , 83583] . 06852) . 86331] . 07300] . 88988] . 07760] . 91559] . 08234] . 94050| . 08720) 39 
22 . 83630! . 06860] . 86376] . 07307] . 89031) . 07768] . 91601) . 08242] . 94091] . 08728) 38 
23 . 83676] . 06867] . 86421] . 07315] . 89075] . 07776] . 91643] . 08250} . 94132) . 08736] 37 
24 . 83723) . 06874] . 86466] . 07322] . 89118] . 07784] . 91685] . 08258) . 94173) . 08744) 36 
25 | 8 83769/0. 0688218. 86511/0. 07330]8. 89162\0. 07791]8. 91728)0. 08266]8. 94213)/0. 08753] 35 
26 . 83816] . 06889] . 86556) . 07338] . 89205] . 07799] . 91770] . 08274] . 94254) . 08761) 34 
27 . 83862] . 06896] . 86600] . 07345] . 89248) . 07807] . 91812| . 08282] . 94295) . 08769] 33 
28 - 83909] . 06904] . 86645) . 07353] . 89292] . 07815] . 91854) . 08290] . 94336] . 08777] 32 
29 - 83955! . 06911] . 86690! . 07360] . 89335] . 07823] . 91896) . 08298] . 94376] . 08785) 31 
30 | 8. 84002/0. 0691918. 86735|0. 073688. 89379|0. 07830]8. 91938)0. 08306]8. 94417|0. 08794) 30 
31 . 84048] . 06926] . 86780] . 07376] . 89422! . 07838] . 91980) . 08314] . 94458) . 08802] 29 
32 - 84094] . 06933] . 86825] . 07383] . 89465] . 07846] . 92022) . 08322] . 94498) . 08810 28 
33 . 84140] . 06941] . 86869] . 07391] . 89509] . 07854] . 92064] . 08330} . 94539) . 08818] 27 
34 - 84187] . 06948] . 86914) . 07398] . 89552) . 07862) . 92105] . 08338] . 94580) . 08827] 26 
35 | 8. 8423310. 0695518. 86959/0. 07406]8. 89595/0. 07870]8. 92147/0. 08346)8. 94620/0. 08835} 25 
36 - 84279] . 06963] . 87003] . 07414] . 89638] . 07877] . 92189) . 08354] . 94661) . 08843] 24 
37 84325! . 06970] . 87048] . 07421] . 89681| . 07885] . 92231) . 08362) . 94701) . 08851} 23 
38 . 84371] . 06978] . 87093] . 07429] . 89725] . 07893] . 92273) . 08370) . 94742) . 08860) 22 
39 84417] . 06985! . 87137] . 07437] . 89768) . 07901] . 92315} . 08378) . 94782) . 08868} 21 
40 | 8 8446410. 06993/8. 87182/0. 07444]8. 898110. 07909]8. 92356)0. 08386)8. 94823)0. 08876] 20 
4l 84510! . 07000) . 87226] . 07452] . 89854) . 07917] . 92398] . 08394] . 94863) . 08885} 19 
42 - 84556] . 07007) . 87271| . 07459] . 89897] . 07924] . 92440} . 08402) . 94904| . 08893] 18 
43 - 84602] . 07015) . 87315] . 07467] . 89940] . 07932] . 92482) . 08410) . 94944) . 08901} 17 
44 - 84648] . 07022] . 87360) . 07475] . 89983] . 07940} . 92523] . 08418 . 94985} . 08909] 16 _ 
45 | 8. 8469410. 0703018. 87404/0. 07482]8. 90026)0. 079488. 92565)0. 08427]8. 95025/0. 08918} 15 
46  84740| . 07037] . 87448] . 07490] . 90069] . 07956] . 92607| . 08435) . 95065) . 08926] 14 
AT . 84785| . 07045) . 87493] . 07498] . 90112) . 07964) . 92648) . 08443] . 95106} . 08934] 13 
48 - 84831] . 07052] . 87537) . 07505] . 90155] . 07972) . 92690) . 08451) . 95146] . 08943) 12 
49 - 84877} . 07059} . 87582) . 07513] . 90198) . 07980) . 92731 08459] . 95186) . 08951} 11 
50 | 8. 8492310. 0706718. 87626\0. 07521|8. 90241/0. 07987/8. 92773)0. 08467 8. 95227|0. 08959} 10 
51 . 84969] . 07074] . 87670] . 07528) . 90284! . 07995) . 92814) . 08475] . 95267| . 08967] 9 
52 - 85015] . 07082) . 87714] . 07536] . 90326) . 08003) . 92856) . 08483] . 95307] . 08976] 8 
53 85060} . 07089] . 87759] . 07544] . 90369) . 08011] . 92897) . 08491] . 95347] . 08984] 7 
54 - 85106) . 07097 . 87803) . 07551] . 90412) . 08019) . 92939) . 08499] . 95388] . 08992] 6 
5B | 8. 8515210. 0710418, 87847)0. 07559]8. 90455)/0. 08027/8. 92980)0. 0850718. 95428/0. 09001] 5 
56 . 85197] . 07112] . 87891| . 07567] . 90498) . 08035) . 93022] . 08516] . 95468] . 09009) 4 
57 - 85243] . 07119] . 87935| . 07574] . 90540) . 08043) . 93063) . 08524] . 95508] . 09017] 3 
58 - 85289] . 07127] . 87980] . 07582] . 90583) . 08051] . 93104] . 08532] . 95548) . 09026] 2 
59 . 85334| . 07134] . 88024) . 07590} . 90626) . 08059) . 93146] . 08540} . 95588) . 09034) 1 
60 | 8. 85380\0. 07142/8. 88068/0. 07598]8. 90668)0. 08066)8. 93187\0. 08548}8. 95628/0. 09042} 0 
329° 328° 327° 326° 325° 
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Haversines 


35° 36° 37¢ 39° 


Log Hav | Nat. Hav] Log Hav | Nat. Hav Log Hav | Nat. Hav} Log Hav | Nat. Hay Log Hav | Nat. Hav] /’ 


8. 95628/0. 0904218. 97997|0. 09549]9. 00295|0. 1006819. 0252810. 10599I9. 04699)0. 11143] 60 
- 95668) . 09051} . 98035] . 09558] . 00333] . 10077] . , . 04735] . 11152} 59 
- 95709] . 09059} . 98074) . 09566] . 00371! . 10086 . p . 04770) . 11161} 58 
- 95749) . 09067] . 98113] . 09575] . 00408) . 10094] . : . 04806) . 11170) 57 
. 95789) . 09076} . 98152) . 09583] . 00446] . 10103] . ; -.04842) . 11179] 56 


- 95828) 0. 09084]8. 98191|0. 0959219. 00484/0. : i . 04877/0. 11189] 55 
- 95868) . 09093] . 98229] . 09601] . 00522) . 10121] . ; . 04913) . 11198] 54 
- 95908) . 09101} . 98268] . 09609] . 00559] . 10130] . : . 04948) . 11207] 53 
- 95948) . 09109} . 98307] . 09618} . 00597] . 10138] . , . 04984) . 11216] 52 
- 95988) . 09118} . 98346) . 09626] . 00634] . 10147] . : . 05019; . 11225] 51 


10 | 8. 96028)0. 09126]8. 98384|0. 0963519. 0067210. 5 . 05055/0. 11234] 50 
Tal . 96068) . 09134] . 98423] . 09643] . 00710! . 10165] . ‘ . 05090} . 11244] 49 
12 - 96108] . 09143] . 98462) . 09652] . 00747/ . 10174] . ; . 05126) . 11253] 48 
13 - 96148) . 09151] . 98500) . 09661] . 00785) . 10182} . : . 05161] . 11262) 47 
14 - 96187) . 09160} . 98539] . 09669] . 00822] . 10191] . h . 05197) . 11271] 46 


15 | 8. 96227/0. 09168]8. 98578)0. 0967819. 0086010. 10200)9. . . 05232/0. 11280) 45 
16 - 96267| . 09176} . 98616] . 09686] . 00897! . 10209] . : . 05268) . 11290} 44 
NG - 96307| . 09185} . 98655] . 09695] . 00935! . 10218] . : . 05303] . 11299} 43 
18 - 96346/ . 09193] . 98693) . 09704] . 00972| . 10226] . ; . 05339] . 11308] 42 
19 . 96386] . 09202] . 98732) . 09712] . 01009] . 10235] . ; . 05374) . 11317] 41 


20 | 8. 96426/0. 09210]8. 98770\0. 0972119. 0104710. 10244 oh ; . 05409)0. 11326] 40 
21 - 96465) . 09218} . 98809] . 09729] . 01084! . 10253] . . 05445] . 11336] 39 
22 - 96505) . 09227] . 98847) . 09738] . 01122] . 10262] | . 05480) . 11345] 38 
23 - 96545) . 09235] . 98886) . 09747] . 01159] . 10270] . . 05515) . 11354] 37 
24 - 96584) . 09244] . 98924) . 09755] . 01196! . 10279] . . 05551) . 11363] 36 


25 | 8. 96624/0. 0925218, 98963|0. 0976419. 0123410. 10288)9. : . 05586)0. 11373] 35 
26 - 96663) . 09260] . 99001) . 09773] . 01271| . 10297] . . 05621) . 11382] 34 
27 - 96703) . 09269] . 99039} . 097811 . 01308) . 103061 . . 05656) . 11391] 33 
28 - 96742) . 09277] . 99078) . 09790] . 01345! . 10315 ; . 05692) . 11400} 32 
29 . 96782) . 09286] . 99116) . 09799] . 01383! . 10323 3 . 05727) . 11410} 31 


30 | 8. 96821/0. 09294]8, 99154/0. 0980719. 01420/0. 103329. E . 05762)0. 11419} 30 
31 - 96861) . 09303] . 99193/ . 09816] . 01457! . 10341 ; . 05797] . 11428] 29 
32 - 96900) . 09311] . 99231) . 09824] . 01494) . 10350} . . 05832) . 11437] 28 
33 - 96940) . 09320] . 99269) . 09833] . 01531! . 10359] . . 05867) . 11447] 27 
34 . 96979) . 09328} . 99307] . 09842] . 01569) . 10368] . . 05903) . 11456] 26 


35 | 8. 97018)0. 09336]8. 9934610. 0985019. 01606/0. 10377]9. ; . 05938)0. 11465] 25 
36 - 97058) . 09345] . 99384] . 09859] . 01643) . 10386] . . 05973) . 11474] 24 
37 - 97097| . 09353} . 99422) . 09868] . 01680) . 10394] . . 06008) . 11484] 23 
38 - 97136) . 09362] . 99460) . 09876] . 01717] . 10403} . . 06043) . 11493] 22 
39 . 97176) . 09370] . 99498) . 098851 . 01754\ , 10412} . - 06078) . 11502] 21 


40 | 8. 97215/0. 0937918. 9953610. 09894 9. 01791)0. 10421]9, ; - 06113/0. 11511] 20 
41 - 97254) . 09387] . 99575] . 09903] . 01828 - 10430} . . 06148) . 11521] 19 
42 . 97294) . 09396} . 99613] . 09911] . 01865] . 10439] . . 06183) . 11530] 18 
43 - 97333) . 09404] . 99651] . 09920] . 01902 . 10448] . . 06218) . 11539] 17 
44 - 97372) . 09413} . 99689) . 09929] . 01939 . 10457] . - 06253} . 11549] 16 


45 | 8. 974110. 09421]8. 99727/0, 0993719. 01976)0. 10466)9, ; . 06288/0. 11558] 15 
46 . 97450) . 09430] . 99765) . 09946] . 02013) . 10474] . . 06323) . 11567] 14 
47 . 97489) . 09438} . 99803] . 09955) . 02050) . 10483} . . 06358) . 11577] 13 
48 . 97529) . 09447] . 99841! . 09963} . 02087] . 10492] . . 06393) . 11586] 12 
49 - 97568) . 09455] . 99879] . 099721 | 02124 . 10501 . 06428) . 11595] 11 


50 | 8. 97607/0. 09464]8, 99917)0. 09981]9. 02161)/0. 10510}9, } . 06462/0. 11604] 10 
51 - 97646) . 09472} . 99955) . 09990] . 02197} . 10519} . . 06497) . 11614 
52 - 97685} . 09481]8. 99993) . 09998] . 02234) . 10528] |. . 06532) . 11623 
53 - 97724) . 0948919. 00031] . 10007] . 02271) . 10537 . . 06567/ . 11632 
54 - 97763) . 09498} . 00068) . 10016] . 02308) . 10546} . . 06602) . 11642 


55 | 8. 97802/0. 0950619. 00106 0. 10025]9. 02345]0. 10555]9. ! . 06637/0. 11651 
56 - 97841) . 09515] . 00144! . 10033] . 02381] . 10564] . . 06671) . 11660 
57 - 97880) . 09524] . 00182) . 10049] | 02418) . 10573} . . 06706) . 11670 
58 - 97919) . 09532} . 00220) . 10051 . 02455} . 10582] . ‘ . 06741) . 11679 
59 - 97958) . 09541] . 00258) . 10059 . 02492) . 10591) . 04663! . 11134] . 06776] . 11688 
60 | 8. 97997)0. 09549]9. 00295|0. 10068]/9. 02528/0. 10599]9. 04699)0. 11143}9. 06810)0. 11698 
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TABLE 34 


Haversines 


40° 41° 42° 43° 


44° 


~ 


Log Hav | Nat. Hav] Log Hav | Nat. Hav} Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav] /’ 


9. 06810)0. 11698]9. 08865/0. 12265)9. 10866)0. 12843]9. 12815)0. 18432)9. 14715)0. 14033] 60 
. 06845) . 11707] . 08899) . 12274] . 10899} . 12852) . 12847) . 13442) . 14746) . 14043] 59 
_ 06880} . 11716] . 08933] . 12284] . 10932) . 12862] . 12879] . 13452] . 14778] . 14053] 58 
. 06914) . 11726) . 08966, . 12293] . 10965] . 12872) . 12911) . 13462) . 14809) . 14063) 57 
. 06949) . 11735) . 09000) . 12303} . 10997] . 12882] . 12943) . 18472) . 14840) . 14073] 56 


. 06984)/0. 11745)9. 090340. 12312]9. 11030/0. 12891]9. 12975)0. 13482)9. 14871/0. 14084] 55 
. 07018} . 11754] . 09068) . 12322) . 11063} . 12901] . 13007] . 13492) . 14902) . 14094] 54 
. 07053} . 11763} . 09101) . 12331) . 11096) . 12911] . 138039) . 18502) . 14934) . 14104) 53 
. 07088) . 11773] . 09135) . 12341] . 11129) . 12921] . 13071) . 138512) . 14965) . 14114] 52 
. 07122) . 11782] . 09169) . 12351) . 11161} . 12930] . 13103) . 18522) . 14996) . 14124] 51 
10 | 9. 07157/0. 11791]9. 09202/0. 12360]9. 11194/0. 12940]9. 13135)0. 13532]/9. 15027|0. 14134] 50 
11 . 07191} . 11801} . 09236) . 12370) . 11227/ . 12950] . 13167| . 18542) . 15058) . 14144] 49 
12 . 07226] . 11810} . 09269] . 12379) . 11260) . 12960] . 13199) . 18552) . 15089} . 14154] 48 
13 . 07260} . 11820} . 09303] . 12389] . 11292) . 12970] . 13231) . 13562) . 15120) . 14165] 47 
14 . 07295} . 11829] . 09337) . 12398] . 11325) . 12979] . 138263) . 138571] . 15152) . 14175) 46 


. 07329) 0. 11838]9. 09370)0. 12408]9. 11358)0. 12989]9. 13295/0. 138581]9. 15183)0. 14185) 45 
16 . 07364| . 11848] . 09404) . 12418] . 11391] . 12999) . 13326) . 138591) . 15214) . 14195) 44 
17 - 07398) . 11857] . 09437] . 12427] . 11423] . 13009] . 13358] . 13601] . 15245) . 14205} 43 
18 . 07433) . 11867] . 09471) . 12437] . 11456) . 13018] . 13390) . 138611] . 15276) . 14215) 42 
19 . 07467) . 11876] . 09504) . 12446] . 11489] . 13028] . 18422) . 13621] . 15307) . 14226) 41 


20 | 9. 07501\0. 11885]9. 09538/0. 12456]9. 11521/0. 13038]9. 13454/0. 13631]9. 15338)0. 14236) 40 
21 . 07536) . 11895] . 09571] . 12466] . 11554] . 13048) . 13486) . 13641) . 15369) . 14246) 39 
22 . 07570} . 11904] . 09605] . 12475) . 11586) . 13058) . 138517) . 13651) . 15400) . 14256] 38 
23 . 07605) . 11914] . 09638) . 12485) . 11619) . 13067] . 13549) . 13661] . 15431) . 14266) 37 
24 . 07639] . 11923] . 09672) . 12494] . 11652) . 13077] . 13581) . 13671) . 15462) . 14276) 36 


25 | 9. 07673/0. 11933]9. 09705/0. 12504]9. 11684/0. 13087]9. 13613)0. 13681)9. 15493)0. 14287] 35 
26 . 07708] . 11942] . 09739] . 12514] . 11717] . 13097] . 13644] . 13691) . 15524) . 14297] 34 
27 . 07742} . 11951] . 09772) . 12523] . 11749} . 13107] . 13676) . 13701) . 15555) . 14307] 33 
28 . 07776] . 11961] . 09805] . 12533] . 11782) . 13116] . 13708) . 13711] . 15585) . 14317) 32 
29 . 07810} . 11970} . 09839] . 12543] . 11814} . 13126] . 13739) . 138721) . 15616) . 14827) 31 


30 | 9. 07845/0. 11980]9. 09872)0. 1255219. 11847/0. 13136)9. 13771)0. 13731]9. 15647|0. 14337) 30 
31 . 07879) . 11989] . 09905] . 12562] . 11879] . 18146] . 13803) . 13741) . 15678) . 143848) 29 
32 . 07913) . 11999] . 09939] . 12571] . 11912) . 18156] . 13834] . 13751) . 15709) . 14358) 28 
33 . 07947) . 12008] . 09972) . 12581] . 11944] . 13166} . 13866) . 13761] . 15740) . 14368) 27 
34 _ 07981} . 12018] . 10005] . 12591] . 11977) . 138175] . 18898) . 13771] . 15771) . 14378) 26 


35 | 9. 08016/0. 12027|9. 10039|0. 12600}9. 12009/0. 13185}9. 13929)0. 13781}9. 15802)0. 14388) 25 
36 - 08050! . 12036] . 10072) . 12610] . 12041) . 13195] . 13961) . 13791] . 15832) . 14899) 24 
37 08084! . 12046] . 10105] . 12620} . 12074] . 13205} . 13992) . 13801] . 15863) . 14409) 23 
38 08118! . 12055] . 10138) . 12629] . 12106) . 18215] . 14024] . 13811] . 15894) . 14419) 22 
39 08152) . 12065] . 10172) . 12639] . 12139] . 18225] . 14056) . 13822) . 15925) . 14429) 21 


40 | 9, 08186/0, 120749. 1020510. 12649]9. 12171|0. 13235]9. 14087/0. 13832]9. 15955)0. 14440} 20 
4] 08220! . 12084] . 10238) . 12658] . 12203) . 13244] . 14119] . 13842] . 15986) . 14450) 19 
42 ' 08254] . 12093] . 10271) . 12668] . 12236) . 13254] . 14150) . 13852] . 16017) . 14460) 18 
43 ' 08288) . 12103] . 10304) . 12678] . 12268) . 13264] . 14182) . 13862] . 16048) . 14470) 17 
44 ‘ 08323] . 12112] . 10337] . 12687] . 12300) . 13274] . 14213) . 13872] . 16078) . 14480) 16 


45 | 9. 083570. 1212219. 10371|0. 12697]9. 12332/0. 13284]9. 14245/0. 13882]9. 16109|0. 14491] 15 
46 " 08391] . 12131] . 10404 . 12707| . 12365] . 13294] . 14276) . 13892] . 16140) . 14501 14 
47 " 08425) _ 12141] . 10437| . 12717] . 12397] . 18304] . 14807| . 13902] . 16170) . 14511 13 
48 08459] . 12150] . 10470! . 12726] . 12429] . 13314] . 14339] . 18912} . 16201) . 14521 12 
49 " 08492) . 12160] . 10503] . 12736] . 12461] . 13323) . 14370) . 13922) . 16232 . 14532) 11 


50 9. 0852610. 1216919. 1053610. 127469. 124940. 13333]9. 14402/0. 13932}9. 16262)0. 14542 10 
51 ' 08560| . 12179] .10569| . 12755] . 12526] . 13343] . 14433) . 13942) . 16293 . 14552 
52 08594} . 12188} . 10602| . 12765] . 12558) . 18353] . 14465) . 138952) . 16324 . 14562 
53 " 08628] . 12198] . 10635| . 12775] . 12590} . 13363} . 14496) . 13962) . 16354 . 14573 
54 " 08662| . 12207] . 10668) . 12784] . 12622| . 18373) . 14527) . 13972) . 16385 . 14588 


55 9. 0869610. 12217|9. 1070110. 12794}9. 12655|0. 13383}9. 14559/0. 13983]9. 16415/0. 14593 
56 " 08730! . 12226] . 10734) . 12804] . 12687) . 13393] . 14590) . 13993] . 16446 . 14604 
57 " 08764] . 12236] . 10767 . 12814] . 12719] . 13403] . 14621) . 14003} . 16476 . 14614 
58 " 08797] . 12245] . 10800] . 12823] . 12751) . 13412] . 14653) . 14013) . 16507 . 14624 
59 ' 08831! . 12255] . 10833] . 12833] . 12783] . 13422) . 14684) . 14023 . 16537) . 14634 
. 08865) 0. "108660. 12843]9. 12815 0. 13432)9. 14715|0. 14033]9. 16568/0. 14645 
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TABLE 34 


Haversines 


45° 49° 


Log Hav | Nat. Hav] Log Hav | Nat. Hav Log Hav | Nat. Hav] Log Hav | Nat. Hay Log Hav | Nat. Hav ig 


9. 16568/0. 14645]9. 18376|0. 1526719. 201400. 15900]9. 21863/0. 16543]9. 23545)0. 17197] 60 
- 16598) . 14655] . 18405] . 15278] . 20169] . 15911] . 21891| . 16554 . 23573] . 17208] 59 
- 16629) . 14665} . 18435} . 15288] . 20198] . 15921] . 21919] | 16565] . 23601} . 17219] 58 
- 16659| . 14676] . 18465) . 15298] . 20227] . 15932] . 21948] | 16576] . 23629} . 17230] 57 
. 16690; . 14686] . 18495] . 15309] . 20256] . 15943] . 21976] - 16587] . 23656] . 17241] 56 


- 16720/0. 14696]9. 18524/0, 15319]9. 20285|0. 1595319. 2200410. 16598]9. 23684/0. 17252] 55 
. 16751) . 14706] . 18554} . 15330] . 20314] . 15964] . 22033] . 16608] . 23712) . 17263] 54 
. 16781] . 14717] . 18584] . 15340} . 20343] . 15975] . 22061} . 16619} . 23739] . 17274] 53 
. 16812) . 14727] . 18613] . 15351] . 20372] . 15985} . 22089 . 16630] . 23767} . 17285] 52 
. 16842) . 14737] . 18643) . 15361] . 20401] . 15996| . 22118] . 16641] . 23794] . 17296] 51 


10 | 9. 16872/0. 14748/9. 18673|0. 15372|9. 2043010. 16007 9. 22146)0. 16652]9. 23822/0. 17307] 50 
11 - 16903} . 14758] . 18702/ . 15382] . 20459] . 16017] . 22174| . 16663] . 23850) . 17318] 49 
12 | . 16933) . 14768] . 18732) . 15393] . 20488] . 16028 . 22202! . 16673] . 23877] . 17329] 48 
13 - 16963] . 14779] . 18762] . 15403] . 20517] . 16039] . 22231] . 16684] . 23905] . 17340] 47 
14 . 16994) . 14789] . 18791/ . 15414] . 20546] . 16049] . 22259) . 16695] . 23932} . 17351] 46 


15 | 9. 17024|0. 14799]9. 18821/0. 15424|9. 20574\0. 16060}9. 22287/0. 16706]9. 23960\0. 17362| 45 
16 | . 17054] . 14810} . 18850] . 15435} . 20603] . 16071 . 22315} . 16717] . 23988] . 17373] 44 
17 | . 17085] . 14820} . 18880] . 15445} . 20632! . 16081] . 22343) . 16728] . 24015| . 17384] 43 
18 | . 17115) . 14830] . 18909] . 15456] . 20661 . 16092) . 22372| . 16738] . 24043] . 17395] 42 
19 . 17145) . 14841] . 18939] . 15466] . 20690] . 16103 . 22400} . 16749] . 24070] . 17406] 41 


20 | 9. 17175/0. 14851]9. 189680. 15477|9, 20719)0, 16113}9. 22428/0. 16760]9. 24098|0. 17417| 40 
21 . 17206] . 14861] . 18998] . 15487] . 20748) . 16124) . 22456] . 16771] . 24125] . 17428] 39 
22 | . 17236] . 14872) . 19027] . 15498] . 20776! . 16135] . 22484) . 16782] . 24153] . 17439] 38 
23 . 17266) . 14882] . 19057] . 15508] . 20805) - 16145} . 22512] . 16793] . 24180] . 17450] 37 
24] . 17296) . 14892} . 19086] . 15519] . 20834 - 16156] . 22540] . 16804] . 24208] . 17461] 36 


25 | 9. 17327/0. 14903]9. 19116|0. 1553019. 20863 0. 161679. 22569/0. 16815}9. 24235/0, 17472] 35 
26 . 17357) . 14913] . 19145] . 15540] . 20891) . 16178} . 22597| . 16825] . 24263] . 17483] 34 
27 . 17387) . 14923] . 19175} . 155511 . 20920) . 16188} . 22625] . 16836] . 24290] . 17494] 33 
28 | . 17417) . 14934] . 19204] . 15561] . 20949 . 16199} . 22653) . 16847] . 24317] . 17505] 32 
29 . 17447) . 14944] . 19234] . 15572] . 20978] | 16210} . 22681) . 16858] . 24345] . 17517] 31 


30 | 9. 17477\0. 14955]9. 19263/0. 155829. 21006/0. 16220]9. 22709|0. 16869]9. 24372/0, 17528] 30 
31 - 17507| . 14965} . 19292] . 15593] . 21035] . 16231} . 22737] . 16880] . 24400] . 17539] 29 
32 . 17538) . 14975] . 19322] . 15603] . 21064 . 16242) . 22765] . 16891] . 24427| . 17550] 28 
33 . 17568) . 14986] . 19351] . 15614] . 21092 - 16253] . 22793] . 16902] . 24454] . 17561] 27 
34 . 17598} . 14996] . 19381] . 15624] . 21121 - 16263] . 22821] . 16913] . 24482] . 17572] 26 


35 | 9. 17628/0. 15006]9. 19410/0, 15635 9. 21150/0. 1627419. 22849/0, 1692319, 24509 0. 17583] 25 
36 . 17658} . 15017] . 19489] . 15646] . 21178) . 16285] . 22877] . 16934] . 24536] . 17594] 24 
37 . 17688) . 15027] . 19469] . 15656] . 21207/ . 16296} . 22905] . 16945] . 24564 . 17605} 23 
38 . 17718] . 15038] . 19498] . 15667] . 21236] . 16306] . 22933] . 16956] . 24591) _ 17616] 22 
39 . 17748] . 15048] . 19527] . 15677 . 21264) . 16317] . 22961] . 16967] . 24618) | 17627] 21 


40 | 9. 17778/0. 15058]9. 1955710, 15688 9. 212930. 16328]9. 22989/0. 1697819. 24646 0. 17638} 20 
41 . 17808) . 15069} . 19586] . 15698] . 21322 - 16339] . 23017] . 16989] . 24673] . 17649] 19 
42 . 17838] . 15079] . 19615] . 15709] - 21350} . 16349] . 23045] . 17000] . 24700 . 17661} 18 
43 - 17868| . 15090} . 19644] . 15720] - 21379} . 16360] . 23073] . 17011] . 24728 . 17672) 17 
44 . 17898| . 15100} . 19674} . 15730] . 21407} . 16371] . 23100] . 17022] . 24755 . 17683} 16 


45 | 9. 17928/0. 1511019. 1970310. 15741]9. 21436]0. 16382]9, 23128)0. 17033/9. 24782|0. 17694] 15 
46 - 17958] . 15121) . 19732] . 15751] . 21464/ . 16392) . 23156) . 17044] . 24809 . 17705) 14 
47 - 17988] . 15131) . 19761] . 15762] . 21493) . 16403] . 23184] . 17055] . 24837! . 17716] 13 
48 - 18018} . 15142] . 19790] . 15773] | 21521) . 16414] . 23212] . 17066] . 24864 . 17727] 12 
49 - 18048} . 15152] . 19820] . 157893] . 21550) . 16425} . 23240] . 17076] . 24891 . 17738} 11 


50 | 9. 18077|0. 1516319. 19849/0, 1579419. 215780. 16436]9. 23268)0. 17087/9. 24918|0. 17749] 10 
ol - 18107) . 15173] . 19878] . 15804] . 21607) . 16446] . 23295] . 17098] . 24945] . 17760 
52 - 18137] . 15183] . 19907] . 15815) 21635! . 16457] . 23323] . 17109] . 24973 wT TEC2 
53 - 18167] . 15194] . 19936] . 15826] | 21664] . 16468] . 23351] . 17120] . 25000! . 17783 
54 . 18197) . 15204] . 19965] . 15836] | 21692) . 16479] . 23379] . 17131] . 25027| . 17794 


55 | 9. 18227|0. 15215]9. 19995l0. 15847/9. 21721]0. 1648919. 23407|0. 17142 9. 25054|0. 17805 
56 - 18256] . 15225} . 20024] . 15858] | 21749| . 16500] . 23434] . 17153] . 25081] . 17816 
57 - 18286} . 15236} . 20053] . 15868] | 21778) . 16511] . 23462] . 17164] . 25108] . 17827 
58 | . 18316] . 15246! . 20089] | 15879] . 21806} . 16522! . 23490] . 17175 . 25135] . 17838 
59 - 18346] . 15257] . 20111] . 158go] | 21834} . 16533] . 23518! . 17186] . 25163] . 17849 
60 | 9. 18376/0. 15267|9. 20140I0. 15900}9. 21863/0. 16543]9. 23545\0. 17197]9. 25190/0. 17861 
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309° 


308° 


307° 


306° 


305° 


0 60 
1] . 25217) . 31434] . 59 
2] . 25244) . 17883 . 31459] . 20634] 58 
3 | . 25271) . 17894 . 31484] . 20646] 57 
4] . 25298] . 17905 . 31508] . 20658] 56 
5 | 9. 25325/0. 179169 . 31533/0. 20670] 55 
6 | . 25352] . 17928 . 31558| . 20681} 54 
7] . 25379] . 17939 . 31583] . 20693] 53 
8 | . 25406] . 17950 . 31607| . 20705] 52 
9} . 25433] . 17961 . 31632] . 20717] 51 
10 | 9. 25460\0. 17972|9. 27061|0. 18647|9 . 31657\0. 20729] 50 
11 | . 25487] . 17983] . 27088] . 18658 . 31682] . 20740] 49 
12 | .25514| . 17995] . 27114] . 18670 . 31706] . 20752] 48 
13 | . 25541] . 18006] . 27140] . 18681 . 31731] . 20764] 47 
14 | . 25568] . 18017] . 27167| . 18692 . 31756) . 20776] 46 
15 | 9. 25595|0. 18028]9. 271930. 18704]9 . 31780/0. 20788] 45 
16 | . 25622) . 18039} . 27219) . 18715 . 31805) . 20799] 44 
17 | . 25649) . 18050) . 27246] . 18727 . 31830] . 20811} 43 
18 | . 25676] . 18062] . 27272] . 18738 . 31854] . 20823] 42 
19 | . 25703] . 18073] . 27298] . 18749 . 31879] . 20835] 41 
20 | 9. 25729|0. 18084]9. 27325/0. 18761)9 . 31903|0. 20847] 40 
21 | . 25756] . 18095] . 27351] . 18772 . 31928] . 20858] 39 
22 | . 25783] . 18106] . 27377| . 18783 . 31953] . 20870] 38 
23 | . 25810] . 18118] . 27403] . 18795 . 31977] . 20882] 37 
24 | . 25837| . 18129] . 27430] . 18806 . 32002] . 20894] 36 
25 | 9. 25864|0. 18140]9. 27456/0. 18817]9 . 32026|0. 20906} 35 
26 | . 25891] . 18151] . 27482] . 18829 . 32051] . 20918] 34 
27 | . 25917] . 18162] . 27508] . 18840 . 32076| . 20929] 33 
28 | . 25944| . 18174] . 27535] . 18852 3 . 32100] . 20941] 32 
29 | . 25971] . 18185] . 27561] . 18863 30636] . 20247] . 32125] . 20953] 31 
30 | 9. 25998/0. 18196]9. 27587]0. 18874]9 ~ 30662\0. 20259]9. 32149|0. 20965] 30 
31] . 26025] . 18207] . 27613] . 18886 . 30687| . 20271] . 32174] . 20977] 29 
32 | . 26051| . 18219] . 27639] . 18897 . 30712] . 20282] . 32198] . 20989] 28 
33 | . 26078] . 18230] . 27666] . 18908 30737] . 20294] . 32223] . 21000] 27 
34 | . 26105] . 18241] . 27692] . 18920 . 30762] . 20306] . 32247] . 21012) 26 
35 | 9. 26132|0. 1825219. 277180. 18931]9 - 30787|0. 20317]9. 322720. 21024] 25 
36 | . 26158] . 18263] . 27744] . 18943 - 30812] . 20329] . 32296] . 21036] 24 
37 | . 26185] . 18275] . 27770] . 18954 . 30837| . 20341] . 32321] . 21048] 23 
38 | . 26212] . 18286] . 27796] . 18965 30862] . 20352] . 32345] . 21060] 22 
39 | . 26238] . 18297] . 27822] . 18977 30887| . 20364] . 32370] . 21072] 21 
40 | 9, 26265|0. 18308}9. 27848]0. 18988|9. 29397|0. 19677|9. 30912|0. 20376]9. 32394/0. 21083} 20 
41 | . 26292! . 18320] . 27875] . 19000] . 29422} . 19689] . 30937] . 20388] . 32418) . 21095) 19 
42 | | 26319! . 18331] . 27901] . 19011| . 29448] . 19701] . 30962] . 20399] . 32443) . 21107) 18 
43 | | 26345] . 18342] . 27927] . 19022| . 29473] . 19712] . 30987] . 20411] . 32467| . 21119) 17 
44 | | 26372! _ 18353] . 27953] . 19034] . 29499] . 19724] . 31012] . 20423] . 32492) . 21131) 16 
45 | 9. 2639810. 18365|9. 2797910. 190459. 29524/0. 19735]9. 31036|0. 20435]9. 32516)/0. 21143) 15 
46 | . 26425] . 18376] . 28005] . 19057] . 29550] . 19747] . 31061) . 20446] . 32541) . 21155) 14 
47 | | 26452| _ 18387| . 28031] . 19068] . 29575] . 19758] . 31086] . 20458] . 32565) . 21167) 13 
48 | | 264781 _ 18399] _ 28057] . 19080] . 29601| . 19770] . 31111] . 20470] . 32589) . 21178) 12 
49 | | 26505! . 18410} . 28083] . 19091] . 29626] . 19782] . 31136] . 20481] . 82614) . 21190) 11 
50 | 9. 26532|0, 18421}9. 28109|0. 19102|9. 29652)0. 19793]9. 31161|0. 20493]9. 32638/0. 21202) 10 
51 | . 26558| . 18432] . 28135] . 19114] . 29677| . 19805] . 31186] . 20505] . 32662) . 21214) 9 
52 | | 26585! 18444] . 28161| . 19125] . 29703] . 19816] . 31211] . 20517] . 32687] . 21226) 8 
53 | | 26611| . 18455] . 28187] . 19137] . 29728] . 19828] . 31236] . 20528] . 32711) . 21238) ¢ 
54 | | 26638) . 18466] . 28213] . 19148] . 29753] . 19840] . 31260] . 20540) . 82735) . 21250) 6 
55 19, 2666410. 1847719. 2823910. 19160)9. 29779|0. 19851]9. 31285|0. 20552)9. 32760/0. 21262) 5 
56 | 26691] . 18489] . 28265] . 19171] . 29804| . 19863] . 31310] . 20564] . 32784) . 21274) 4 
57 | | 267171 . 185001 . 28291] . 19183] . 29829| . 19874] . 31335] . 20575] . 32808) . 21285) 3 
58 | _ 26744) 18511| . 28317] . 19194] . 29855] . 19886] . 31360) . 20587] . 32833) . 21297) 2 
59 | | 26770! . 18523) . 28342| . 19205] . 29880] . 19898] . 31385] . 20599) . 32857) . 21309) I 
60 | 9. 26797)0. 9836810. 1921719. 29906/0. 199099. 31409]0. 20611]9. 32881)0. 21321) 0 
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TABLE 34 
Haversines 
55° 56° 57° 58° 59° 
y Log Hav | Nat. Hav} Log Hav | Nat. Hav Log Hav | Nat. Hav} Log Hav | Nat. Hay Log Hav | Nat. Hav} ’ 
0 9. 32881)0. 2132119. 34322/0. 22040]9. 35733/0. 22768)9. 37114/0. 23504|9, 3846810. 24248 60 
1 . 32905) . 21333] . 34346) . 22052] . 35756 . 22780] . 37137| . 23516] . 38490) . 24261 59 
2 . 82930) . 21345] . 34369] . 22064] . 35779 . 22792] . 37160) . 23529] . 38512) . 24273 58 
3 . 82954) . 21357] . 34393) . 22077] . 35802 . 22805] . 37183) . 23541] . 38535] . 24286 57 
4 . 32978) . 21369] . 34417] . 22089] . 35826 . 22817] . 37205) . 23553] . 38557) . 24298 56 
53 9. 330020. 21381/9. 34441)0. 22101}9. 35849|0. 228299. 37228|0. 2356619. 3857910. 24310 55 
6 . 833027] . 21393] . 34464! . 22113 . 835872| . 22841] . 37251] . 23578] . 38602 . 24323] 54 
i . 88051} . 21405] . 34488] . 22125 . 835895] . 22853] . 37274] . 23590] . 38624 . 24335] 53 
8 . 38075] . 21417] . 34512] . 22137 . 835918] . 22866] . 37296] . 23603] . 38646 . 24348] 52 
9 . 83099] . 21429] . 34535] . 22149 . 85942) . 22878] . 37319] . 23615 . 38668} . 24360] 51 
10 9. $3123'0. 21440/9. 34559/0. 22161]9. 35965|0. 22890|9. 37342/0. 23627|9. 3869110. 24373 50 
11 . 83148) . 21452] . 34583] . 22173 . 35988] . 22902] . 37364) . 23640 . 88713] . 24385] 49 
12 . 833172) . 21464] . 34606] . 22185 . 36011} . 22915] . 37387] . 23652 . 38735] . 24398] 48 
13 . 833196) . 21476] . 34630] . 22197 . 836034) . 22927] . 37410] . 23665 . 88757] . 24410] 47 
14 . 33220) . 21488] . 34654! . 22209 . 36058 . 22939] . 37433 . 23677] . 38780 . 24423] 46 
15 9. 332440. 21500/9. 346770. 22221/9. 36081)0. 22951)9. 3745510. 23680)9, 388021024435 45 
16 . 83268) . 21512] . 34701] . 22934 . 86104} . 22964] . 37478] . 23702 . 38824] . 24448] 44 
il . 838292) . 21524] . 34725] . 22946 . 86127/ . 22976] . 37501] . 23714 . 38846) . 24460] 43 
18 . 833317) . 21536] . 34748] . 22258 . 86150) . 22988] . 37523] . 23726 . 88868] . 24473] 42 
19 . 83341) . 21548] . 34772) . 22970 . 836173} . 23000] . 37546] . 23739 . 38891} . 24485 41 
20 9. 33365 0. 2156019. 34795|0. 22282)9. 36196|0. 23012|9. 37569|0. 23751|9, 389131024498 40 
21 . 88389) . 21572] . 34819 22294) . 36219] . 23025] . 37591 . 23764] . 38935] . 24510] 39 
22 . 33413) . 21584] . 34843 22306] . 36243] . 23037] . 37614 . 23776] . 38957] . 24523] 38 
23 - 833437] . 21596] . 34866 22318] . 36266] . 23049] . 37636 . 23788] . 38979) . 24535] 37 
24 . 33461] . 21608] . 34890 22330] . 36289] . 23061] . 37659 . 23801 . 39002! . 24548] 36 
25 9. 33485/0. 21620)9. 34913). 2234319, 36312\0. 23074|9. 376820. 23813|9. 390241024560 35 
26 . 833509] . 21632] . 34937 22355] . 36335] . 23086] . 37704 . 23825] . 39046] . 24573] 34 
20 . 33533) . 21644] . 34960 22367] . 36358] . 23098] . 37727 . 23838] . 39068] . 24585] 33 
28 . 83557| . 21656] . 34984 22379] . 36381] . 23110] . 37749 . 23850} . 39090] . 24598] 32 
29 . 833581} . 21668] . 35007 22391] . 36404] . 23123] . 37779 . 23863 . 39112 . 24611] 31 
30 9. 3360510. 2168019. 35031|0. 2240819. 36427\0. 23135)9. 377940. 23875/9. 3013410 d4603 30 
31 . 33629] . 21692] . 35054 22415] . 36450) . 23147] . 37817 . 23887] . 39156] . 24636] 29 
32 . 833653) . 21704] . 35078 22427] . 36473] . 23160] . 37840 . 23900] . 39178] . 24648] 28 
33 . 833677) . 21716] . 35101 22440) . 36496] . 23172] . 37862 . 23912] . 39201] . 24661] 27 
34 . 33701) . 21728] . 35125 22452] . 36519] . 23184 . 37885 - 23925) . 39223) . 24673 26 
35 9 $3720 0. 2174019. 35148|0. 2246419, 3654210. 23196|9. 3790710. 2393719, 3034510, 246R6 25 
36 . 83749) . 21752] . 35172 22476) . 36565] . 23209 . 37930] . 23950] . 39267 . 24698] 24 
37 . 833773) . 21764] . 35195 22488] . 36588] . 23221] . 37952 . 23962] . 39289] . 24711] 23 
38 . 83797) . 21776] . 35219 22500] . 36611] . 23233 . 37975] . 23974] . 39311 . 24723] 22 
39 . 33821) . 21788] . 35242 22512] . 36634] . 23246 . 37997] . 23987] . 39333 . 24736] 21 
40 Be 80e 31800]. 35266/0. 22525]9. 36657(0. 2258/9. 3802010. 2399010, 3035s|0-a4716 20 
41 . 33869) . 21812] . 35289 225371 . 36680} . 23270 . 88042} . 24012] . 39377 . 24761] 19 
42 . 33893] . 21824] . 35319 22549] . 36703] . 23282 . 38065} . 24024] . 39399 . 24774] 18 
43 . 33917) . 21836] . 35336 22561] . 36726) . 23295 . 38087] . 24036] . 39421 . 24786] 17 
44 | . 33941] . 21848 35359 22573] . 36749] . 23307 . 38110 . 24049] . 39443] . 24799] 16 
45  Seone 32860). 35383/0. 2258519. 36772/0. 23319/9. 3813210. 2406il9. 39405 |0-o4ar, 15 
46 - 33988 . 21872] . 35406} . 22598 . 36794) . 23332] . 38154 . 24074] . 39487] . 24824] 14 
47 - 34012) . 218841 . 35429 22610] . 36817] . 23344 . 38177) . 24086] . 39509 . 24836] 13 
48 . 834036) . 21896] . 35453 22622] . 36840) . 23356 . 38199) . 24099] . 39531 . 24849] 12 
mo __. 84060) . 21908] . 35476 22634] . 36863] . 23368 . 38222) . 24111 - 39553) . 24862] 11 
50 er 1Ga 7122019. 35500|0. 2264619, 3688610. 2338i|9. 38244 (0. 24i04l0, 30n75I0 sage 10 
51 - 84108] . 21932] . 35523 22658] . 36909] . 23393 . 38267| . 24136] . 39597 . 24887] 9 
52 - 84132) . 219441 . 35546 22671] . 36932] . 23405 . 38289] . 24148] . 39619 . 24899] 8 
53 - 84155) . 21956] . 35570 22683] . 36955] . 23418 . 38311] . 24161] . 39641 . 24912} 7 
54 . 34179 . 21968] . 35593) . 22695 . 36977) . 23430] . 38334 . 24173] . 39663] . 24924 6 
00 4027. 21 980)9. 35616)0. 2270719, 3700010. 23445/9. 88356)0. 241869” 3oass|0- ogeay 5 
56 . 34227] . 219921 . 35639 22719) . 37023] . 23455 . 38378] . 24198] . 39706 . 24950) 4 
57 . 84251] . 22004] . 35663 22731] . 37046] . 23467 . 38401] . 24211] . 39728 . 24962] 3 
58 . 34274) . 22016 35686) . 22744 . 37069] . 23479] . 38423 . 24223] . 39750] . 24975] 2 
59 - 84298) . 22028] . 35709 . 22756] . 37091| . 23499 . 88445) . 24236] . 39779 . 24987] 1 
60 », $4822/0. 22040}9. 35733/0. 2276819. 3711410, 23504|9. 3846810. 2448/9, Sorocio, coon 0 
304° 303° 302° 301° 300° 
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4 Log Hav , 
0 | 9. 39794)0. j 60 

1] .39816] . 25013 _ 43638] . 27313] . 44862] . 28095] 59 
2] . 39838) . 25025 . 43658] . 27326] . 44882] . 28108] 58 
3] . 39860] . 25038 . 43679| . 27339] . 44903] . 28121] 57 
4} .39881| . 25050 . 43699] . 27352] . 44923] . 28134] 56 
5 | 9. 3990310. 25063]9 . 43720\0. 27365]9. 44943]0. 28147] 55 
6 | . 39925] . 25076 . 43741) . 27378] . 44963] . 28160] 54 
71 .39947| . 25088 .43761| . 27391] . 44983) . 28173] 53 
8} .39969] . 25101 . 43782) . 27404] . 45003] . 28186] 52 
9 | .39991) . 251138 | . 43802] . 27417) . 45024) . 28199) 51 
10 | 9. 40012/0. 25126]9 . 43823]/0. 27430]9. 45044|0. 28212} 50 
11 | . 40034) . 25139 . 43843] . 27443] . 45064] . 28225) 49 
12 | . 40056] . 25151 . 43864| . 27456] . 45084| . 28238] 48 
13 | . 40078] . 25164 . 43884] . 27469] . 45104] . 28252] 47 
14 | . 40100] . 25177 . 43905] . 27482] . 45124] . 28265) 46 
15 | 9. 40121/0. 25189}9 . 43926\0. 27495]9. 45144|0. 28278] 45 
16 | . 40143] . 25202 . 43946] . 27508] . 45165] . 28291) 44 
17 | . 40165] . 25214 . 43967| . 27521] . 45185] . 28304] 43 
18 | .40187| . 25227 . 43987| . 27534] . 45205| . 28317) 42 
19 | . 40208] . 25240 . 44008] . 27547| . 45225] . 28330) 41 
20 | 9. 40230/0. 2525219 - 44028)0. 2756019. 45245|0. 28343] 40 
21 | . 40252] . 25265 44048] . 27573] . 45265] . 28356] 39 
22 | . 40274] . 25278 44069] . 27586] . 45285) . 28369] 38 
23 | . 40295] . 25290 . 44089] . 27599] . 45305] . 28383] 37 
24 | . 40317] . 25303 44110] . 27612] . 45325] . 28396] 36 
25 | 9. 40339]0. 25316]9 . 441300. 27625]9. 45345|0. 28409} 35 
26 | . 40360} . 25328 .44151| . 27638] . 45365] . 28422) 34 
27 | . 40382) . 25341 _44171| . 27651] . 45385] . 28435) 33 
28 | . 40404) . 25354 44192] . 27664] . 45405] . 28448] 32 
29 | . 40425] . 25366 . 44212) . 27677) . 45426] . 28461] 31 
30 | 9. 404470. 2537919 - 4423210. 27690)9. 45446|0. 28474] 30 
31 | . 40469] . 25391 . 44253) . 27703] . 45466] . 28488] 29 
32 | . 40490] . 25404 . 44273] . 27716] . 45486] . 28501) 28 
33 | . 40512] . 25417 . 44294| . 27729] . 45506] . 28514] 27 
34] . 40534) . 25429 .44314| . 27742] . 45526] . 28527] 26 
35 | 9. 40555/0. 2544219 . 44334/0. 27755)9. 45546)0. 28540) 25 
36 | . 40577) . 25455 .44355| . 27768] . 45566] . 28553] 24 
37 | . 40599) . 25467 . 44375] . 27781) . 45586] . 28566] 23 
38 | . 40620) . 25480 . 44396] . 27794] . 45606] . 28580] 22 
39 | . 40642) . 25493] .44416| . 27807] . 45625] . 28593] 21 
40 | 9. 40663|0. 25506]9 . 444360. 27820]9. 45645/0. 28606} 20 
41 | . 40685] . 25518 .44457| . 27833] . 45665] . 28619] 19 
42 | . 40707] . 25531 .44477| . 27846] . 45685] . 28632) 18 
43 | . 40728) . 25544 .44497| . 27859) . 45705] . 28645] 17 
44] . 40750] . 25556 . 44518] . 27873] . 45725] . 28658] 16 
45 | 9. 40771)0. 25569]9 . 44538)0. 27886]9. 45745/0. 28672) 15 
46 | . 40793] . 25582 44558) . 27899] . 45765] . 28685) 14 
47 | . 40814] . 25594 .44579| . 27912] . 45785] . 28698] 13 
48 | . 40836] . 25607 44599] . 27925] . 45805] . 28711] 12 
49 | . 40858) . 25620 44619] . 27938] . 45825] . 28724) 11 
50 | 9. 40879]0. 25632)9 9, 44639|0. 27951)9. 45845)0. 28737| 10 
51 | . 40900] . 25645 44660] . 27964] . 45865] . 28751] 9 
52 | . 40922) . 25658 44680] . 27977] . 45884] . 28764) 8 
53 | . 40943] . 25671 44700] . 27990] . 45904] . 28777] 7 
54 | . 40965] . 25683 . 44721| . 28003] . 45924! . 28790] 6 
55 | 9. 40986/0. 25696]9  44741\0. 28016]9. 45944/0. 28803] 5 
56 | . 41008] . 25709 . 44761] . 28029] . 45964) . 28816] 4 
57 | . 41029] . 25721 44781] . 28042] . 45984] . 28830) 3 
58 | . 41051] . 25734 44801] . 28055) . 46004] . 28843] 2 
59 | . 41072] . 25747] . Gili 44822] . 28068] . 46023] . 28856) 1 
60 | 9. 41094/0. 257 * 4236810. 26526]9. 43617)0. 2730019. 4484210. 2808119. 46043/0, 28869] 0 


299° 


298° 


297° 


296° 


295° 


| 
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TABLE 34 
Haversines 
65° 66° 67° 68° 69° 

@ Log Hav | Nat. Hav] Log Hav | Nat. Hav| Log Hav | Nat. Hay Log Hav | Nat. Hav] Log Hav 4 

0 | 9. 46043)0. 28869]9. 4722210. 29663]9. 4837810. 3046319. 49512/0. 31270]9. 50626)0. 60 

1 . 46063) . 47241| . 29676] . 48397] . 30477] . 49531] . 31283] . 50644! . 59 

2 . 46083) . 47261] . 29690] . 48416] . 30490] . 49550! . 31297] . 50662! . 58 

3 . 46103) . 47280} . 29703] . 48435] . 30504] . 49568) . 31310] . 50681) . Mf 

4 . 46123) . 47300} . 29716] . 48454) . 30517] . 49587| . 31324] . 50699] . 56 

5 | 9. 46142)0. . 47319|0. 29730]9. 48473/0. 3053019. 49606)0. 31337]9. 50717)0. 55 

6 . 46162) . 47338) . 29743] . 48492] . 30544] . 49625) . 31351] . 50736) . 54 

7 . 46182) . 47358) . 29756] . 48511] . 30557] . 49643] . 31364] . 50754) . 53 

8 . 46202) . 47377| . 29770] . 48530) . 30571] . 49662) . 31378] . 50772! . 62 

9 . 46222) . 47397| . 29783] . 48549] . 30584] . 49681! . 31391 . 50791 51 
10 | 9. 46241)/0. . 47416)0. 297969. 4856810. 305979. 49699/0. 31405]9. 50809 50 
Jha . 46261) . 47435] . 29809] . 48587) . 30611] . 49718) . 31418] . 50827) . 49 
12 . 46281) . 47455) . 29823] . 48607] . 30624] . 49737| . 31432] . 50846) . 48 
13 . 46301} . ATA7A| . 29836] . 48626] . 30638] . 49755| . 31445] . 50864) . 47 
14 . 46320) . 47493] . 29849] . 48645] . 30651] . 49774| . 31459] . 50882) 5 46 
15 | 9. 46340)0. . 475130. 29863]9. 48664/0. 3066419. 49793)0. 31472]9. 50901/0. 45 
16 . 46360) . 47532) . 29876] . 48683] . 30678] . 49811) . 31486} . 50919) . 44 
il? . 46380} . 47552) . 29889] . 48702) . 30691] . 49830] . 31499] . 50937) . 43 
18 . 46399) . 47571) . 29903] . 48720] . 30705] . 49849} . 31513] . 50956! . 42 
19 . 46419) . 47590} . 29916] . 48739] . 30718] . 49867] . 31526] . 50974! . 41 
20 | 9. 46439)0. . 47610/0. 29929]9. 48758/0. 30732/9. 4988610. 31540]9. 50992)0. 40 
21 . 46458} . 47629] . 29943] . 48777] . 30745] . 49904) . 31553} . 51010 39 
22 . 46478] . 47648] . 29956] . 48796) . 30758] . 49923] . 31567] . 51029] . 38 
23 . 46498) . 47668} . 29969] . 48815] . 30772 . 49942) . 31580] . 51047} . 37 
24 . 46517) . 47687) . 29983] . 48834) . 30785 . 49960) . 31594] . 51065) . 36 
25 | 9. 46537/0. 9. 47706/0. 29996]9. 48853/0. 30799 9. 499790. 31607]9. 51083)0. 35 
26 . 46557] . 47725] . 30009] . 48872] . 30812] . 49997| . 31621] . 51102) . 34 
27 . 46576} . 47745) . 30023] . 48891! . 30826 . 50016) . 31634] . 51120] . 33 
28 . 46596) . 47764] . 30036] . 48910] . 30839 . 50034) . 31648} . 51138} . 32 
29 . 46616) . 47783] . 30049] . 48929 30852] . 50053] . 31661] . 51156] . 31 
30 | 9. 46635)0. - 478030. 30063]9. 48948/0. 30866 9. 50072/0. 31675]9. 51174)0. 30 
31 . 46655] . 47822) . 30076] . 48967] . 30879 . 90090} . 31688] . 51193} . 29 
32 . 46675) . 47841] . 30089] . 48986] . 30893] . 50109) . 31702] . 51211 28 
33 . 46694) . 47860] . 30103] . 49004! . 30906] . 50127| . 31716} . 51229 27 
34 . 46714) . 47880) . 30116] . 49023) . 30920] . 50146) . 31729] . 51247] . 26 
35 | 9. 46733)0. . 47899]0. 30129]9. 49042 0. 30933]9. 50164/0. 31743]9. 51265)0. 25 
36 - 46753) . 47918] . 30143] . 49061] . 30946] . 50183] . 31756] . 51284) . 24 
37 . 46773) . 47937] . 30156] . 49080] . 30960 . 90201] . 31770] . 51302) . 23 
38 . 46792) . 47957| . 30169] . 49099 . 80973] . 50220] . 31783] . 51320! . 22 
39 . 46812) . 7976] . 30183] . 49118] . 30987] . 50238) . 31797] . 51338) . 21 
40 | 9. 46831)0. . 47995|0. 30196]9. 49137/0. 31000}9. 50257|0. 3181019. 513560. 20 
4] . 46851 48014} . 30209} . 49155) . 31014] . 50275| . 31824] . 51374) . 19 
42 . 46871) . 48033) . 30223] . 49174] . 31027] . 50294] . 31837] . 51393 18 
43 . 46890) . - 48053] . 30236] . 49193] . 31041} . 50312) . 31851] . 51411! . il? 
44 . 46910) . 29451] . 48072] . 30249] . 49212) . 31054] . 50331 . 31865] . 51429] . 16 
45 | 9. 46929/0. 29464]9. 48091 0. 30263}9. 49231|0. 31068]9. 50349|0. 31878]9. 51447/0. 15 
46 . 46949] . 29477] . 48110] . 30276] . 49250] . 31081] . 50368] . 31892] . 51465} . 14 
47 . 46968) . 29491] . 48120) . 30290] . 49268) . 31094] . 50386] . 31905} . 51483) . 13 
48 . 46988] . 29504] . 48148) . 30303] . 49287] . 31108] . 50405) . 31919] . 51501] . 12 
49 . 47007} . 29517] . 48168) . 30316] . 49306! . 31121] . 50423} . 31932] . 51519] . 11 
50 | 9. 47027/0. 29530]9. 48187/0. 30330]9. 49325)/0. 31135]9. 50442/0. 31946]9. 51538)0. 10 
51 . 47046] . 29544] . 48206) . 30343] . 49344| . 31148] . 50460) . 31959] . 51556) . 9 
52 . 47066] . 29557] . 48225) . 30356] . 49362) . 31162] . 50478) . 31973] . 51574) . 8 
53 . 47085] . 29570] . 48244 . 80370] . 49381] . 31175] . 50497] . 31987] . 51592! . 1 
54 . 47105] . 29583] . 48263] . 30383] . 49400] . 31189] . 50515} . 32000} . 51610 6 
55 | 9. 47124)0. 29597|9. 482820. 3039719. 4941910, 31202]9. 5053410. 32014]9. 516280. 5 
56 . 47144] . 29610] . 48302 . 80410] . 49437) . 31216] . 50552) . 32027] . 51646] . 4 
57 . 47163] . 29623] . 48321 . 30423] . 49456] . 31220] . 50570] . 32041) . 51664! . 3 
58 . 47183] . 29637 48340) . 30437] . 49475! . 31243] . 50589] . 32054] . 51682] . 2 
59 . 47202] . 29650] . 48359 . 30450} . 49494] . 31256] . 50607] . 32068] . 51700! . 1 
60 | 9. 47222|0. 29663]9. 48378)0. 30463]9. 49512/0. 31270]9. 50626|0. 3208219. 51718|0. 32899] 0 

294° 293° 292° 291° 290° 


1435 


TABLE 34 


Haversines 


70° 71° 74° 


~ 


Log Hav | Nat. Hav] Log Hav Nat. Hav 


9. 51718)0. 32899]9. 52791 ! 0. 36218 
. 51736) . 32913] . 52809) . . 53861) . 6 : . 55909) . 36232 
. 51754) . 32926] . 52826) . . 53879) . : t . 55926) . 36246 
. §1772| . 32940]. 52844) . . 53896) . 5 , . 55943) . 36260 
. 51790; . 32954] . 52862) . . 53913) . . 54S : . 55960) . 36274 


. 51808)0. 32967]9. 52879)0. . 53931)0. ; ; . 55976)0. 36288 
. 51826) . 32981] . 52897) . . 53948} . : A . 55993} . 36302 
. 51844} . 32995] . 52915) . . 53966) . ; : . 56010] . 36316 
. 51862} . 33008] . 52932) . . 53983) . . é . 56027) . 36330 
. 51880} . 33022] . 52950) . . 54000) . : : . 56043) . 36344 


. 518980. 33036]9. 529680. . 54017)0. ; j . 56060)0. 36358 
. 51916} . 33049] . 52985) . 73) . 54035) . 5 : . 56077| . 36372 
. §1934| . 33063] . 53003) . 7] . 54052) . ; : . 56093) . 36386 
. 51952} . 33077] . 53021) . . 54069} . : ; . 56110) . 36400 
. 51970] . 33090] . 53038) . . 54087) . , ; . 56127) . 36414 


. 51988)0. 3310419. 53056)0. 339 . 54104)0. ? ! . 56144)0. 36428 
. 62006) . 33118] . 53073) . . $4121) . : . . 56160) . 36442 
. §2024) . 33132] . 53091) . . 64139) . 3 : . 56177) . 36456 
. 52042) . 33145} . 53109} . . 54156) . . 5 . 56194) . 36470 
. 52060] . 33159] . 53126) . 33¢ . 54173) . 5 : . 56210) . 36484 


. 52078)0. 33173]9. 53144)0. . 54190)0. 3 b . 56227\0. 36498 
. 52096) . 33186} . 53162) . . 54208) . : ; . 56244) . 36512 
. 52114] . 33200] . 53179) . . 54225] . ‘ : . 56260) . 36526 
. §2132| . 33214] . 53197] . . 54242) . : 3 . 56277| . 36540 
. §2150| . 33227] . 53214) . . 54260] . 2 : . 56294) . 36554 


. §2168)0. 33241]9. 53232)0. 34 . 54277)0. f L . 56310)0. 36568 
. §2185| . 33255] . 53249) . . 54294) . : : . 56327) . 36582 
. §2203| . 33269] . 53267] . . 54311) . : : . 56343) . 36596 
. §2221| . 33282] . 53285) . 3: . 54329) . 5 F . 56360] . 36610 
. §2239] . 33296] . 53302) . . 54346) . : 4 . 56377| . 36624 


. §2257)/0. 33310]9. 53320)0. « . 54363)0. i . 56393)0. 36638 
. §2275| . 33323) . 53337] . « 9} . 54380) . 79) . . . 56410} . 36652 
. §2293| . 33337] . 53355) . . 54397) . 3 5 . 56426] . 36666 
. 62311] . 33351] . 53372) . . 54415) . 5 . 41] . 56443) . 36680 
. 52328) . 33365] . 53390) . . 54432) .« 5 7 . 56460) . 36694 


. §2346|0. 33378)9. 53407)0. 9. 54449)0. . 554 ! 919. 56476)0. 36708 
. 52364| . 33392] . 53425) . . 54466) . ; ike . 56493} . 36722 
. 52382) . 33406] . 53442) . 31] . 54483) . : . . 56509} . 36736 
. 52400] . 33419] . 53460) . 34 . 54501] . ; 3 . 56526) . 36750 
. 52418) . 33433] . 53477) . 9} . 54518] . 90} . 39) . 35¢ . 56543) . 36764 


. §2436|0. 33447]9. 53495)0. 34273)9. 54535)0. ; fae 919. 56559|0. 36778 
. 52453] . 33461] . 53512) .« . §4552] . : 73) . 35¢ . 56576] . 36792 
. 52471) . 33474] . 53530) . 3+ . 54569) . 35131] . . 356 . 56592} . 36806 
. 52489) . 33488] . 53547) . 34 . 54587) .« : . 356 . 56609} . 36820 
. 52507] . 33502] . 53565) . 3+ . 94604) . 9} . . 35995} . 56625) . 36834 


2525/0. 3351519. 535820. 34342]9. 546210. 35173)9. be 9/9. 56642|0. 36848 
. 62542) . 33529] . 53600) . 3+ . §4638) .« { mg . 56658] . 36862 
. 52560] . 33543] . 53617) . 34369) . 54655) . : . 36036] . 56675] . 36877 
. 52578) . 33557) . 53635) . 34383] . 54672) . « ; OU se . 56692) . 36891 
. 52596} . 33570] . 53652) . 34397] . 54689) . . 657 oe . 56708) . 36905 


- 52613)0. 33584|9. 5367000. : 9. 54707|0. 35242)9. 55725 0. 36078)9. 56725/0. 36919 
52631 . 33598] ..53687| . 34425| . 54724] . 35256] . 55742) . 36092] . 56741) . 36933 
| 52649| . 33612| . 53704| . 34439] . 54741] . 35270) . 55758). : _ 56758| . 36947 
. 52667) . 33625] . 53722| . : | 54758| . 35284] . 55775) . 36120] . 56774) . 36961 
52684) . 33639] . 53739] . 34466] . 54775) . ~55792| . 36134] . 56791) . 36975 
- 52702|0. 33653)9. 53757(0. : 9. 547920. 3531219. 55809/0. ; - 568070. 36989 
 52720| . 33667| . 53774) . 34494] . 54809] . 35326] . 55826) . 36162) . 56824) . 37003 
. 52738) . 33680| . 53792| . 54826] . 35340] . 55842) . 36176] . 56840) . 37017 
. 52755| . 33694] . 53809) . . 54843] . : 55859) . 36190] . 56856) . 37031 
52773] . 33708) . 53826| . 34535| . 54860| . 35368] . 55876) . 36204] . 56873) . 37045 
_ 52791\0. 3372219. 53844|0. 34549]9. 54878)0. 5589310. 3621819. 56889 0. 37059 
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TABLE 34 
Haversines 
75° 76° 77° 78° 79° 

" Log Hav | Nat. Hav] Log Hav | Nat. Hav} Log Hav | Nat. Hav| Log Hav | Nat. Hav Log Hav | Nat. Hav] /’ 
0 | 9. 56889/0. 37059]9. 57868)0. 3790419. 58830/0. 3875219. 5977410. 3960419. 6070210. 40460 60 
1 . 96906] . . 57885) . . 58846) . 38767] . 59790) . 39619] . 60717) . 40474] 59 
2 . 56922) . . 57901 . 58862) . 38781] . 59806] . 39633] . 60733) . 40488] 58 
3 . 56939) . OTOL (lm . 58878) . 38795] . 59821] . 39647] . 60748] . 40502] 57 
4 . 56955} . . 57933] . 376 - 58893) . 38809] . 59837| . 39661] . 60763) . 40517] 56 
5 9. 56972|0. 37129]9. 57949|0. 379749. 58909|0. 3882319. 5985210. 3967619. 6077910. 40531 55 
6 . 56988) . 43] . 57965) . . 58925) . 38837] . 59868] . 39690] . 60794] . 40545] 54 
7 . 57005} . . 57981) . . 58941) . 38852] . 59883) . 39704] . 60809] . 40560} 53 
8 . 57021} . . 57998) . . 58957) . 38866] . 59899) . 39718] . 60825] . 40574] 52 
9 . 97037] . - 58014) . 31] . 58973) . 38880] . 59915) . 39732] . 60840) . 40588] 51 
10 9. 57054/0. 37200}9. 58030|0. 38045]9. 58989/0. 38894]9. 59930/0. 3974719. 6085510. 40602 50 
idl . 97070) . . 58046) . . 59004| . 38908] . 59946] . 39761] . 60870] . 40617] 49 
12 . 57087) . . 58062) . . 59020} . 38923] . 59961] . 39775] . 60886] . 40631] 48 
13 . 57103) . . 58078) . . 59036; . 38937] . 59977] . 39789] . 60901] . 40645] 47 
14 JOC119). . 58094] . - 59052) . 38951] . 59992] . 39804] . 60916! . 40660] 46 
15 | 9. 57136)0. . 58110)0. - 590680. 38965}9. 60008)0. 39818]9. 60931/0. 40674] 45 
16 . 97152) . . 58126) . . 59083} . 38979] . 60023] . 39832] . 60947] . 40688] 44 
igs . 57169} . . 58143) . . 59099| . 38994] . 60039] . 39846] . 60962] . 40702] 43 
18 . 57185) . . 58159) . & . 59115} . 39008} . 60054| . 39861] . 60977] . 40717] 42 
19 . 97201 . 98175} . - 59131) . 39022} . 60070] . 39875] . 60992] . 40731] 41 
20 | 9. 57218)0. . 58191/0. . 59147/0. 39036]9. 60085/0. 39889]9. 61008/0. 40745] 40 
21 . 07234) . . 58207] . . 59162) . 39050} . 60101} . 39903] . 61023] . 40760] 39 
22 . 67250) . . 98223) . . 59178) . 39064] . 60116} . 39918] . 61038] . 40774] 38 
23 . 07267| . . 58239) . . 59194| . 39079] . 60132] . 39932] . 61053] . 40788] 37 
24 . 07283] . . 58255} . . 59210) . 39093] . 60147] . 39946] . 61069] . 40802] 36 
25 | 9. 57299)0. . 58271/0. - 59225/0. 39107]9. 60163/0. 3996019. 61084/0. 40817] 35 
26 . 57316] . . 58287] . . 99241; . 39121] . 60178] . 39975] . 61099] . 40831] 34 
27 - 01332|.. . 58303) . - 99257) . 39135] . 60194] . 39989] . 61114! . 40845] 33 
28 . 57348) . - 58319} . . 59273) . 39150] . 60209} . 40003] . 61129] . 40860] 32 
29 . 97365] . . 58335) . & - 59289) . 39164] . 60225] . 40017] . 61145] . 40874] 31 
30 | 9. 57381)0. . 58351/0. - 59304/0. 39178}9. 60240/0. 4003219. 61160/0. 40888] 30 
31 - 57397). . 58367] . - 59320) . 39192] . 60256] . 40046] . 61175] . 40903] 29 
32 . 07414] . . 58383} . - 59336] . 39206] . 60271} . 40060] . 61190] . 40917] 28 
33 . 97430} . . 98399] . § - 59351) . 39221] . 60287} . 40074] . 61205] . 40931] 27 
34 . 57446] . . 58415) . . 59367] . 39235] . 60302] . 40089] . 61221] . 40945] 26 
35 | 9. 5746310. . 584310. - 59383]. 39249]9. 60318]/0. 40103]9. 61236|0. 40960] 25 
36 | . 57479) . . 58447) . . 59399) . 39263] . 60333] . 40117] . 61251] . 40974] 24 
37 . 07495} . - 58463} . . 59414! . 39277] . 60348] . 40131] . 61266! . 40988 23 
38 OWL Lie . 58479]. ¢ - 59430} . 39292] . 60364] . 40146] . 61281] . 41003] 22 
39 . 57528] . . 58495} . - 59446] . 39306] . 60379] . 40160] . 61296] . 41017 21 
40 | 9. 57544/0. ; - 68511/0. - 9461/0. 39320]9. 60395/0. 40174]9. 61312/0. 41031| 20 
. 57560) . - 68527] . ¢ - 99477| . 39334] . 60410] . 40188] . 61327] . 41046 19 

- 97577 . 98543) . - 59493) . 39348] . 60426] . 40203] . 61342] . 41060 18 

. 87593). . 58559) . & - 59508) . 39363] . 60441] . 40217] . 61357] . 41074 17 

. 57609 - 58575} . - 59524) . 39377] . 60456} . 40231] . 61372] . 41089 16 

9. 57625)0. . 585910. - 59540)0. 39391]9. 60472/0. 40245]9. 6138710. 41103 15 

. 57642) . . 58607) . - 59556] . 39405] . 60487] . 40260] . 61402 . 41117] 14 

. 57658} . . 58623] . . 59571] . 39420] . 60502] . 40274] . 61417 ° 41131} 13 
97674 ‘ - 98639} . 38582] . 59587) . 394341 . 60518 . 40288] . 61433] . 41146] 12 

. 97690] . ) . 58655) . 38597] . 59602] . 39448] . 60533 40303] . 61448] . 41160) 11 

9. 57706)0. 3776: - 58671/0. 38611]9. 59618/0. 394629. 60549/0. 4031719. 61463/0. 41174 10 

- 97723 . 58687] . 38625] . 59634) . 394761 . 60564 . 40331] . 61478] . 41189] 9 

- 57739 37 - 58703) . 38639] . 59649] . 39491] . 60579 . 40345] . 61493] . 41203] 8 

- 97755 . 37805] . 58719] . 38653] . 59665 - 39505] . 60595] . 40360] . 61508) . 41217| 7 

_ 97771) . 37819] . 58735] . 3866 - 59681} . 39519] . 60610] . 40374] . 61523 - 41232] 6 

9. 57787/0. 3783319. 58750/0. 38682/9. 59696|0. 39533)9. 60625|0. 4038819. 6153810. 41946 5 

. 57804 . 3784 - 58766) . 38696] . 59712) . 39548] . 60641 . 40402] . 61553} . 41260] 4 

- 57820 . 37862) . 58782) . 38710] . 59728 - 39562] . 60656} . 40417] . 61568] . 41275] 3 

. 51836 - 37876 - 58798) . 38724] . 59743] . 395761 . 60671 - 40431] . 61583] . 41289] 2 

. 57852 - 37890 - 58814/ . 38738] . 59759] . 395901 . 60687 . 40445] . 61598) . 41303] 1 

9. 7868/0. 3790419. 58830/0. 38752]9. 59774/0. 39604|9, 6070210. 4046019. 6161410, 41218 0 
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O | 9. 616140. 41318]9. 625090. 42178]9. 63389)0. 43041]9. 64253/0. 43907]9. 65102)0. 44774 
1 . 61629] . 41332] . 62524) . 42193] . 63403] . 43056] . 64267) . 438921] . 65116) . 44788] 59 
2 . 61644) . 41346} . 62538] . 42207] . 63418) . 43070] . 64281] . 43935] . 65130) . 44803) 58 
3 . 61659] . 41361] . 62553] . 42221) . 63432) . 43085] . 64296) . 43950] . 65144) . 44817) 57 
4 . 61674] . 41375] . 62568] . 42236] . 63447) . 43099) . 64310) . 43964] . 65158) . 44831] 56 
5 | 9. 61689/0. 41389]9. 62583)/0. 42250]9. 63461)0. 43113]9. 64324/0. 43979]9. 65172\0. 44846] 55 
6 . 61704| . 41404] . 62598) . 42264] . 63476] . 43128] . 64339) . 43993] . 65186) . 44860] 54 
7 . 61719] . 41418] . 62612) . 42279] . 63490] . 43142] . 64353) . 44008] . 65200) . 44875) 53 
8 . 61734] . 41432] . 62627] . 42293] . 63505) . 43157] . 64367) . 44022) . 65214) . 44889) 52 
9 . 61749| . 41447] . 62642] . 42308} . 63519) . 43171] . 64381) . 44036] . 65228) . 44904 
10 | 9. 61764/0. 41461]9. 62657|0. 42322/9. 63534)0. 43185]9. 64396/0. 44051]9. 65242/0. 44918} 50 
11 . 61779| . 41475] . 62671) . 42336] . 63548] . 43200] . 64410] . 44065] . 65256) . 44933] 49 
12 . 61794| . 41490] . 62686] . 42351] . 63563} . 43214] . 64424) . 44080] . 65270) . 44947) 48 
13 . 61809) . 41504] . 62701| . 42365] . 63577) . 43229] . 64438) . 44094) . 65284) . 44962] 47 
14 . 61824| . 41518] . 62716) . 42379] . 63592| . 43243] . 64452) . 44109] . 65298) . 44976) 46 
15 | 9. 618390. 41533]9. 62730\0. 42394]9. 63606/0. 43257]9. 64467/0. 44123]9. 65312/0. 44991] 45 
16 . 61854) . 41547] . 62745| . 42408] . 63621) . 43272] . 64481) . 44138] . 65326) . 45005) 44 
Al? . 61869] . 41561] . 62760| . 42423] . 63635) . 43286] . 64495) . 44152) . 65340) . 45020) 43 
18 . 61884] . 41576] . 62774| . 42437] . 63649] . 43301] . 64509) . 44166] . 65354) . 45034] 42 
19 . 61899] . 41590] . 62789] . 42451] . 63664| . 43315] . 64523) . 44181] . 65368) . 45048] 41 
20 | 9. 61914|0. 416049. 62804|0. 42466]9. 63678|0. 43330]9. 64538/0. 44195}9. 65382/0. 45063] 40 
21 . 61929| . 41619] . 62819] . 42480] . 63693] . 43344] . 64552| . 44210) . 65396) . 45077) 39 
22 -61944| . 41633] . 62833] . 42494] . 63707| . 43358] . 64566] . 44224] . 65410) . 45092) 38 
23 61959] . 41647] . 62848] . 42509] . 63722) . 43373] . 64580) . 44239] . 65424) . 45106) 37 
24 - 61974| . 41662] . 62863] . 42523] . 63736] . 43387| . 64594| . 44253] . 65438) . 45121) 36 
25 | 9. 61989|0. 41676|9. 628770. 42538]9. 63751/0. 43402/9. 646090. 44268]9. 65452/0. 45135) 35 
26 . 62003] . 41690] . 62892] . 42552| . 63765) . 43416] ..64623| . 44282) . 65466) . 45150) 34 
27 - 62018] . 41705] . 62907| . 42566] . 63779| . 43430] . 64637| . 44296] . 65480) . 45164) 33 
28 ’ 62033) . 41719] . 62921| . 42581] . 63794) . 43445] . 64651] . 44311] . 65493) . 45179) 32 
‘29 ’ 62048) . 41733] . 62936] . 42595] . 63808] . 43459] . 64665) . 44325] . 65507) . 45193) 31 
30 | 9. 62063)0. 41748]9. 62951/0. 42610]9. 63823|0. 43474/9. 64679|0. 44340/9. 655210. 45208) 30 
31 ’ 62078] . 41762] . 62965| . 42624] . 63837| . 43488] . 64694| . 44354] . 65535) . 45222) 29 
32 " 62093] . 41776] . 62980| . 42638] . 63851) . 43503] . 64708) . 44369) . 65549) . 45237) 28 
33 " 62108] . 41791] . 62995| . 42653] . 63866) . 43517| . 64722) . 44383] . 65563) . 45251) 27 
34 ” 62123] . 41805] . 63009] . 42667| . 63880) . 43531] . 64736] . 44398] . 65577) . 45266 26 
35 | 9. 62138/0. 41819]9. 63024/0. 4268119. 63895|0. 43546]9. 64750/0. 4441219. 655910. 45280 25 
36 " 62153] . 41834] . 63039] . 42696] . 63909) . 43560] . 64764| . 44427) . 65605) . 45295 24 
37 | 62168] . 41848] . 63053) . 42710) . 63923] . 43575] . 64778) . 44441) . 65619) . 45309] 23 
38 . 62182| . 41862] . 63068) . 42725] . 63938] . 43589] . 64793] . 44455) . 65632) . 45324] 22 
39 ' 62197| . 418771 . 63082| . 42739] . 63952) . 43603] . 64807| . 44470] . 65646) . 45338] 21 
40 | 9, 62212|0. 41891]9. 63097|0. 42753]9. 63966|0. 43618]9. 64821]0. 44484]9. 65660)0. 45353] 20 
41 ’ 62227| . 41905] . 63112] . 42768] . 63981) . 43632] . 64835| . 44499) . 65674) . 45367) 19 
42 62242] . 41920 . 63126] . 42782] . 63995] . 43647] . 64849] . 44513] . 65688) . 45381} 18 
43 " 62257| . 41934] . 63141] . 42797] . 64010) . 43661] . 64863] . 44528) . 65702) . 45396] 17 
44 62272] . 41949] . 63156] . 42811] . 64024) . 43676] . 64877 . 44542) . 65716) . 45410} 16 
45 | 9. 62287\0. 41963|9. 63170/0. 42825]9. 64038|0. 43690]9. 64891|0. 44557/9. 65729)0. 45425) 15 
46 "62301! . 419771 . 63185] . 42840] . 64053] . 43704] . 64905) . 44571) . 65743) . 45439} 14 
47 - 62316) . 41992) . 63199] . 42854] . 64067) . 43719] . 64919) . 44586) . 65757| . 45454) 13 
48 ’ 62331| . 42006] . 63214) . 42869] . 64081) . 43733] . 64934) . 44600] . 65771) . 45468] 12 
49 ' 62346) . 42020] . 63228) . 42883] . 64096) . 43748] . 64948) . 44614] . 65785] . 45483] 11 
50 | 9. 62361(0. 42035|9. 632430. 4289719. 64110)0. 43762}9. 64962|0. 44629)9. 65799|0. 45497] 10 
51 ' 62376) . 42049] . 63258] . 42912] . 64124) . 43777] . 64976 . 44643) . 65812] . 45512] 9 
52 ' 62390! . 42063] . 63272] . 42926] . 64139) . 43791] . 64990) . 44658) . 65826] . 45526] 8 
53 ’ 62405| . 42078] . 63287] . 42941] . 64153) . 43805] . 65004| . 44672) . 65840] . 45541] 7 
54 ' 62420! . 42092| . 63301| . 42955] . 64167] . 43820] . 65018) . 44687) . 65854) . 45555) 6 
55 | 9. 6243510. 4210619. 63316|0. 42969]9. 64181)0. 43834]9. 65032/0. 44701 9. 65868)0. 45570] 5 
56 " 62450! . 42121] . 63330| . 42984] . 64196] . 43849] . 65046) . 44716) . 65881] . 45584) 4 
57 "62464! . 42135] . 63345] . 42998] . 64210) . 43863] . 65060) . 44730) . 65895| . 45599 3 
58 " 62479| . 42150] . 63360] . 43013] . 64224| . 43878] . 65074) . 44745) . 65909] . 45613] 2 
59 " 62494| . 42164] . 63374| . 43027] . 64239] . 43892] . 65088) . 44759) . 65923] . 45628) 1 
60 | 9. 62509|0. 42178]9. 63389|0. 43041]9. 64253/0. 4390719. 65102)0. 4477419. 65937|0. 45642] 0 
279° 278° 277° 276° 275° 
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TABLE 34 


Haversines 


85° 86° 87° 89° 


~ 


Log Hav | Nat. Hav 


9. 65937/0. 45642]9. 66757/0. 46512|9. 67562 
- 65950) . 45657] . 66770) . 46527] . 67576) . 47398] . 
. 65964) . 45671] . 66784) . 46541] . 67589) . 47412] . 
. 65978) . 45686] . 66797| . 46556] . 67602) . 47427] . 
- 65992) . 45700] . 66811] . 46570] . 67616] . 47441] . - 69184) . 49186} 56 


. 66006/0. 45715}9. 66824'0. 46585]9. 676290. 4745619. ? . 69197|0. 49200] 55 
. 66019) . 45729] . 66838] . 46599] . 67642) . 47470] . . 69209) . 49215} 54 
. 66033| . 45744] . 66851) . 46614] . 67656] . 47485] . . 69222) . 49229) 53 
. 66047) . 45758] . 66865] . 46628] . 67669) . 47499] . . 69235] . 49244] 52 
- 66061) . 45773] . 66878) . 46643] . 67682) . 47514] . . 69248) . 49258] 51 


10 | 9. 66074/0. 45787|9. 66892|0. 46657/9. 67695)0. 475289. ; . 69261/0. 49273] 50 
11 - 66088) . 45802] . 66905) . 46672] . 67709] . 47543] . . 69274] . 49287] 49 
12 | . 66102) . 45816] . 66919] . 46686] . 67722) . 47558] . . 69286) . 49302] 48 
13 | . 66116) . 45831) . 66932| . 46701] . 67735) . 47572] . . 69299) . 49316} 47 
14 |. 66129) . 45845] . 66946] . 46715] . 67748! . 47587 . . 69312) . 49331] 46 


15 | 9. 66143)0. 45860]9. 66959/0. 46730|9. 677620. 4760119, y . 69325)0. 49346] 45 
16 | . 66157) . 45874] . 66973) . 46744] . 67775| . 47616] . . 69338] . 49360} 44 
17 | . 66170) . 45889] . 66986] . 46759] . 67788) . 47630] . . 69350) . 49375] 43 
18 | . 66184) . 45903] . 67000! . 46773] . 67801] . 47645] . . 69363) . 49389] 42 
19 |. 66198) . 45918] . 67013) . 46788] . 67815] . 47659] . . 69376) . 49404] 41 


. 66212/0. 45932}9. 67027|0. 468029. 67828|0. 4767419, I . 69389/0. 49418} 40 
21 - 66225) . 45947) . 67040] . 46817] . 67841] . 47688] . . 69402) . 49433] 39 
22 | . 66239) . 45961] . 67054) . 46831] . 67854| . 47703] . . 69414) . 49447] 38 
23 | . 66253| . 45976] . 67067| . 46846] . 67868] . 47717] | . 69427| . 49462] 37 
24 |. 66266] . 45990] . 67081] . 46860] . 67881| . 47732 ; . 69440] . 49476] 36 


25 | 9. 66280/0. 46005]9. 670940. 46875|9. 6789410. 47746 9. ; . 69453/0. 49491] 35 
26 | . 66294) . 46019] . 67108) . 46890] . 67907| . 47761 . 68693) . 48633] . 69465] . 49505] 34 
27 | . 66307] . 46034] . 67121| . 46904] . 67920| . 47775 . 68706] . 48648] . 69478] . 49520] 33 
28 | . 66321| . 46048] . 67134) . 46919] . 67934| . 47790 . 68719] . 48662] . 69491] . 49535] 32 
29 | . 66335| . 46063] . 67148] . 46933] . 67947] . 47804 . 68732) . 48677] . 69504! . 49549] 31 


30 | 9. 66348/0. 46077|9. 67161/0. 469489. 67960/0. 47819 9. 68745)0. 48691]9. 69516]0. 49564] 30 
31 - 66362] . 46092] . 67175] . 46962] . 67973] . 47834] . 68758) . 48706] . 69529] . 49578] 29 
32 | . 66376) . 46106] . 67188] . 46977| . 67986] . 47848] . 68771| . 48720] . 69542] . 49593] 28 
33 | . 66389/ . 46121] . 67202| . 46991] . 68000] . 47863] . 68784| . 48735] . 69555] . 49607] 27 
34 |. 66403) . 46135] . 67215] . 47006] . 68013) . 47877] . 68797| . 48749] . 69567] . 49622] 26 


35 | 9. 66417/0. 46150]9. 67228/0. 4702019. 68026)0, 4789219. 68810|0. 48764]9. 69580|0. 49636] 25 
36 | . 66430) . 46164] . 67242| . 47035] . 68039) . 47906] . 68823] . 48778] . 69593] . 49651] 24 
37 | . 66444| . 46179] . 67255] . 47049] . 68052) . 47921) . 68836] . 48793] . 69605] . 49665] 23 
38 | . 66458] . 46193] . 67269] . 47064] | 68066) . 47935] . 68849] . 48807] . 69618] . 49680] 22 
39 |. 66471 . 46208] . 67282] . 47078] . 68079} . 47950} . 68862| . 48822] . 69631) . 49695] 21 


40 | 9. 66485/0. 46222/9. 6729510. 47093)9, 68092)0. 47964]9. 68875|0. 488379. 69644|0. 49709] 20 
41 - 66499) . 46237] . 67309] . 47107] . 68105] . 47979 . 68887) . 48851] . 69656] . 49724] 19 
42 | . 66512| . 46251! . 67322) . 47129] | 68118) . 47993] . 68900) . 48866] . 69669] . 49738] 18 
43 | . 66526] . 46266] . 67336) . 47136] . 68131) . 48008} . 68913) . 48880] . 69682] . 49753] 17 
44 | . 66539 _+ 46280) . 67349) . 47151] . 68144! . 48022 | 68926) . 48895] . 69694] . 49767] 16 


45 | 9. 66553/0. 4629519. 6736210. 47165|9. 68158/0. 48037/9. 68939/0. 48909]9. 69707/0. 49782] 15 
46 | . 66567] . 46309] . 67376] . 47180] . 68171) . 48052] . 68952) . 48924] . 69720] . 49796] 14 
47 | . 66580) . 46324] . 67389] . 47194 - 68184] . 48066] . 68965) . 48938] . 69732] . 49811] 13 
48 | . 66594] . 46338] . 67402] . 47209] | 68197) . 48081] . 68978) . 48953] . 69745] . 49825] 12 
49 |. 66607| . 46353] . 67416) . 47223] | 68210) . 48095] . 68991] . 48967] . 69758) . 49840] 11 


50 | 9. 6662110. 46367|9. 67429|0. 47238 9. 682230. 48110/9. 69004|0. 489829. 6977010. 49855] 10 
51 - 66635] . 46382] . 67443] . 47252] . 68236) . 48124] . 69017] . 48997] . 69783] . 49869 
52 - 66648) . 46396] . 67456] . 47267| . 68249) . 48139} . 69029) . 49011] . 69796] . 49884 
53 | . 66662! . 46411] . 67469] . 47282] . 68263] . 48153] . 69042| . 49026] . 69808} . 49898 
54 |. 66675] . 46425! . 67483) . 47296] . 68276) . 48168] . 69055] . 49040] . 69821} . 49913 


55 9. 66689)0. 4644019. 6749610. 4731119. 682890. 48182}9. 69068|0. 4905519. 69834/0. 49927 
5 - 66702] . 46454] . 67509) . 47325) . 68302) . 48197] . 69081) . 49069] . 69846] . 49942 
57 | . 66716) . 46469] . 67522) . 47340] . 68315) . 48211] . 69094 . 49084] . 69859] . 49956 
58 - 66730) . 46483] . 67536) . 47354] | 68328) . 48226] . 69107| . 49098] . 69872) . 49971 
59 - 66743) . 46498] . 67549] . 47369] | 68341) . 48240] . 69120! . 49113] . 69884] . 49985 
60 | 9. 6675710. 46512|9. 67562\0. 47383]9. 68354|0. 48255]9. 6913210. 49127]9. 69897/0. 50000 


Log Hav | Nat. Hav] Log Hav Log Hav | Nat. Hav] ’ 


0. 49127] 60 
. 69145) . 49142) 59 
. 69158) . 49156] 58 
. 69171) . 49171] 57 
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TABLE 34 
Haversines 
90° 91° 52°. 93° 94° 

y Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav} Log Hav | Nat. Hav|Log Hav |Nat. Hav| ’ 

0 | 9. 69897)/0. 50000/9. 70648)/0. 50873]9. 713870. 51745]9. 72112)0. 52617]9. 72825/0. 58488] 60 

1 . 69910} . 50015] . 70661) . 50887) . 71399) . 51760) . 72124) . 52631] . 72837) . 53502) 59 

24 . 69922) . 50029} . 70673) . 50902] . 71411) . 51774] . 72136) . 52646] . 72849) . 53517] 58 

3 . 69935] . 50044] . 70686) . 50916] . 71423) . 51789] . 72148) . 52660} . 72861) . 538531) 57 

4 . 69948) . 50058} . 70698) . 50931] . 71436} . 51803] . 72160) . 52675] . 72873) . 538546] 56 

5 | 9. 69960\0. 50073]9. 70710)/0. 50945]9. 71448/0. 51818]9. 72172/0. 52689}9. 72884|0. 53560! 55 

6 . 69973} . 50087] . 70723) . 50960] . 71460) . 51832] . 72184) . 52704] . 72896) . 538575) 54 
7 . 69985] . 50102] . 70735) . 50974] . 71472) . 51847] . 72196] . 52718] . 72908) .53589] 53 
8 . 69998} . 50116] . 70748) . 50989] . 71484] . 51861] . 72208) . 52733] . 72920) . 53604] 52 
9 . 70011} . 50131} . 70760} . 51003} . 71496] . 51876] . 72220) . 52748] . 72931) . 538618} 51 
10 | 9. 70023)0. 50145]9. 70772)/0. 51018]9. 71509/0. 51890]9. 72232)0. 52762]9. 72943/0. 53633] 50 
ih . 70036} . 50160] . 70785) . 510383] . 71521) . 51905) . 72244) . 52777) . 72955) . 53647] 49 
12 . 70048} . 50175) . 70797) . 51047] . 71533) . 51919] . 72256) . 52791] . 72967) . 538662] 48 
13 . 70061! . 50189] . 70809] . 51062] . 71545) . 51934] . 72268] . 52806] . 72978] . 538676] 47 
14 . 70074) . 50204] . 70822) . 51076] . 71557) . 51948] . 72280) . 52820] . 72990] . 53691] 46 
15 | 9. 70086/0. 50218}9. 70834/0. 51091]9. 71569|0. 51963]9. 72292/0. 52835]9. 73002|0. 53705) 45 
16 . 70099} . 50233) . 70847) . 51105] . 71582] . 51978] . 72304) . 52849] . 73014) . 53720) 44 
17 . 70111) . 50247] . 70859} . 51120] . 71594) . 51992) . 72316] . 52864] . 73025) . 53734] 43 
18 . 70124! . 50262] . 70871) . 51134] . 71606) . 52007] . 72328) . 52878] . 73037) . 53749) 42 
19 . 70136) . 50276] . 70884) . 51149] . 71618 . 52021 . 72340) . 52893] . 73049) . 53763] 41 
20 | 9. 70149)0. 50291]9. 70896/0. 51163]9. 71630/0. 52036]9. 72352)/0. 52907]9. 73060/0. 53778] 40 
21 . 70161} . 50305] . 70908) . 51178} . 71642) . 52050) . 72363) . 52922) . 73072) . 538792) 39 
22 . 70174) . 50320] . 70921) . 51193] . 71654) . 52065) . 72375) . 52936] . 73084) . 53807] 38 
23 . 70187) . 50335) . 70933) . 51207] . 71666) . 52079] . 72387) . 52951] . 73096] . 53821] 37 
24 . 70199| . 50349] . 70945] . 51222] . 71679) . 52094] . 72399) . 52965] . 73107] . 53836] 36 
25 | 9. 70212/0. 50364/9. 709580. 51236]9. 71691/0. 52108]9. 72411/0. 52980}9. 73119)0. 53850} 35 
26 . 70224) . 50378) . 70970] . 51251) . 71703) . 52123) . 72423) . 52994] . 73131) . 53865] 34 
27 . 70237| . 50393] . 70982) . 51265] . 71715) . 52137] . 72435) . 53009] . 73142) . 53879] 33 
28 . 70249] . 50407] . 70995| . 51280) . 71727) . 52152) . 72447) . 53023] . 73154 . 53894) 32 
29 . 70262) . 50422] . 71007) . 51294] . 71739) . 52166) . 72459) . 53038] . 73166] . 538908] 31 
30 | 9. 70274/0. 50436]9. 71019\0. 51309]9. 71751/0. 521819. 72471|0. 53052]9. 73177\0. 53923) 30 
at . 70287] . 50451] . 71032| . 51323] . 71763) . 52195) . 72482) . 53067] . 73189] . 538937) 29 
32 . 70299] . 50465] . 71044] . 51338) . 71775] . 52210) . 72494) . 538081] . 73201) . 538952] 28 
33 . 70312! . 50480] . '71056| . 51352) . 71787] . 52225) . 72506) . 538096] . 73212) . 538966] 27 
34 . 70324| . 50495] . 71068] . 51367] . 71800) . 52239] . 72518] . 53110] . 73224/ . 53981) 26 
35 | 9. 703370. 50509]9. 7108110. 51382]9. 71812)/0. 52254]9. 72530)0. 53125]9. 73236/0. 53995] 25 
36 . 70349] . 50524] . 71093| . 51396] . 71824! . 52268] . 72542) . 53140] . 73247) . 54010] 24 
37 . 70362| . 50538] . 71105] . 51411] . 71836) . 52283] . 72554) . 53154] . 73259] . 54024) 23 
38 .70374| . 50553] . 71118] . 51425] . 71848] . 52297] . 72565] . 53169] . 73271) . 54039) 22 
39 . 70387) . 50567) . 71130) . 51440 . 71860} . 52312 . 72577| . 53183] . 73282] . 54053] 21 
40 | 9. 70399/0. 50582/9. 71142)0. 5145419. 71872|0. 52326]9. 72589/0. 53198}9. 732940. 54068] 20 
41 . 70412) . 50596] . 71154] . 51469] . 71884] . 52341] . 72601] . 53212] . 73306] . 54082) 19 
42 .70424| . 50611] . 71167) . 51483] . 71896) . 52355] . 72613] . 53227] . 73317) . 54097] 18 
43 . 70437| . 50625] . '71179| . 51498] . 71908] . 52370] . 72625) . 53241] . 73329) . 54111 17 
44 . 70449] . 50640] . 71191) . 51512] . 71920) . 52384] . 72637] . 53256] . 73341) . 54126 16 
45 | 9. 70462\0. 5065419. 712030. 51527]9. 71932/0. 52399]9. 72648/0. 53270)9. 73352/0. 54140 15 
46 .70474| . 50669] . 71216] . 51541] . 71944| . 52413] . 72660] . 53285] . 73364) . 54155 14 
47 . 70487! . 50684] . 71228) . 51556] . 71956] . 52428] . 72672) . 53299] . 73375) . 54169 13 
48 . 70499|-. 50698] . 71240] . 51571] . 71968] . 52442] . 72684] . 53314] . 73387) . 54184 12 
49 . 70512) . 50713} . 71252) . 51585 . 71980) . 52457 . 72696| . 53328] . 73399) . 54198} 11 
50 9. 705240. 5072719..71265 0. 51600]9. 71992\0. 52472]9. 727080. 538343]9. 73410/0. 54213 10 
51 .70537| . 50742] . 71277| . 51614] . 72004! . 52486] . 72719] . 538357] . 73422 642201 eo 
52 .70549| . 50756] . 71289) . 51629] . 72016} . 52501] . 72731) . 538372] . 73433 . 54242) 8 
53 . 70561] . 50771) . 71301| . 51643] . 72028) . 52515) .. 72743 . 53386] . 73445] . 54256] 7 
54 .70574| . 50785) . 71314) . 51658] . 72040) . 52530 . 72755) . 53401 . 73457| . 54271) 6 
55 9. 7058610. 5080019. 7132610. 5167219. 72052/0. 52544]9. 72767 0. 53415]9. 73468)/0. 54285 5 
56 .70599| . 50814] . 71338] . 51687] . 72064) . 52559] . 72778) . 53430 . 73480) . 543800) 4 
OYE . 70611) . 50829] . 71350] . 51701] . 72076) . 52573) . 72790) . 53444 . 73491] . 54314] 3 
58 . 70624! . 508441 . 71362) . 51716] . 72088) . 52588] . 72802) . 53459 . 73503) . 54329] 2 
59 . 70636! . 50858] . 71375! . 51730] . 72100) . 52602) . 72814 . 53473 . 73515| . 54343] 1 
60 9. 7064810. 5087319. 7138710. 51745]9. 72112|0. 52617|9. 728250. 53488]9. 73526)0. 54358 0 

268° 267° 266° 265° 


269° 


1440 


TABLE 34 


Haversines 


95° 97° 98° 99° 


Log Hav 

0 | 9. 73526 0. 56093]9. 75556)0. 0. 57822] 60 

1 . 73538] . . 74902) . 56108] . 75567) . . 76220] . 57836} 59 
2 . 73549] . . 74914) . 56122] . 75578] . . 76231) . 57850) 58 
3 » (3061) % . 74925] . 56137] . 75589) . . 76241] . 57865) 57 
4 ~ (38572) % . 74936] . 56151] . 75600} . . 76252] . 57879) 56 
5 | 9. 735840. . 74947|0. 56166]9. 75611)0. . 76263]0. 57894] 55 
6 . 73596) . . 74958] . 56180] . 75622] . . 76274] . 57908] 54 
7 . 73607] . . 74969] . 56195] . 75633] . . 76285} . 57922) 53 
8 . 73619} . . 74981] . 56209] . 75644! . . 76296] . 57937] 52 
9 . 73630) . . 74992) . 56223] . 75655) . . 76306) . 57951} 51 
10 | 9. 73642)0. . 75003)0. 56238]9. 75666)0. . 76317/0. 57965} 50 
11 . Pakeapy) . 75014] . 56252] . 75677) . . 76328] . 57980} 49 
12 . 73665} . . 75025] . 56267] . 75688] . . 76338} . 57994] 48 
1133 . CAMAD) . 75036] . 56281] . 75698) . . 76349] . 58008] 47 
14 . 73688} . . 75047) . 56296] . 75709) . . 76360] . 58023] 46 
15 | 9. 73699|0. . 75059)0. 56310]9. 75720)0. . 76371)0. 58037] 45 
16 5 eax . 75070] . 56324] . 75731) . . 76381} . 58051] 44 
17 o (EYP?) . 75081] . 56339] . 75742] . . 76392} . 58066] 43 
18 5 Cemex. . 75092) . 56353] . 75753} . . 76403} . 58080] 42 
19 . 73746) . . 75103) . 56368] . 75764! . . 76414} . 58095} 41 
20 | 9. 73757)0. L . . 75114)0. 56382]9. 75775)0. . 76424/0. 58109} 40 
21 . 73769] . . 74453) . . 75125) . 56397] . 75786] . . 76435] . 58123] 39 
22 . 73780} . . 74464) . . 75136] . 56411] . 75797] . . 76446] . 58138} 38 
23 5 EASY) . T4475) . . 75147) . 56425] . 75808] . . 76456] . 58152] 37 
24 . 73803) . . 74487] . . 75159] . 56440] . 75819) . . 76467] . 58166] 36 
25 | 9. 73815/0. . 74498/0. . 75170)0. 5645419. 75830)0. . 76478)0. 58181] 35 
26 . 73826) . . 74509} . . 75181] . 56469} . 75840) . . 76489] . 58195] 34 
27 . 73838) . . 74521) . . 75192) . 56483] . 75851] . . 76499] . 58209] 33 
28 . 73849] . » 14532). . 75203] . 56497] . 75862) . . 76510} . 58224] 32 
29 . 73860) . . 74543 . 75214] . 56512] . 75873) . . 76521} . 58238] 31 
30 | 9. 73872)0. . 745540. 9. 75225|0. 56526)9. 7588410. . 7653110. 58252] 30 
31 . 73883] . . 74566} . . 75236] . 56541] . 75895) . . 76542] . 58267] 29 
32 . 73895) . ~TA5TG . 75247! . 56555] . 75906) . . 76553} . 58281] 28 
33 . 73906} . . 74588) . . 75258] . 56570] . 75917) . . 76563] . 58295] 27 
34 . 73918} . . 74600] . . 75269] . 56584] . 75927] . . 76574| . 58310] 26 
35 | 9. 73929)0. . 74611)0. . 75280]0. 5659819. 75938)0. . 76585/0. 58324] 25 
36 . 73941) . . 74622) . . 75291] . 56613] . 75949] . - 76595] . 58338] 24 
37 . 13952) . . 74633) . . 75303] . 56627] . 75960 . . 76606] . 58353] 23 
38 . 73964] . . 74645] . . 75314] . 56642) . 75971] . . 76617] . 58367] 22 
39 Pa OT On. . 74656} . . 75325] . 56656] . 75982] . . 76627} . 58381] 21 
40 | 9. 73987)0. . 74667)0. . 75336/0. 5667019. 759930. . 76638/0. 58396] 20 
41 . 73998] . . 74678] . . 75347) . 56685] . 76004 . . 76649] . 58410} 19 
42 . 74009] . . 74690} . . 75358] . 56699] . 76014! . . 76659] . 58424) 18 
43 . 74021) . . 74701} . . 75369] . 56714] . 76025] . . 76670} . 58439] 17 
44 . 74032) . > EMAIPAL . 75380} . 56728] . 76036] . . 76681] . 58453} 16 
45 | 9. 740440. . 7472310. . 7539110. 56743]9. 76047)0. . 76691\0. 58467] 15 
46 . 74055} . . T4734) . . 75402) . 56757] . 76058] . . 76702} . 58482] 14 
47 . 74067] . 74 (40 . 75413] . 56771) . 76069] . . 76713] . 58496] 13 
48 . 74078] . wIATO Gl . 75424] . 56786] . 76079] . . 76723) . 58510) 12 
49 +5 74089), . 74768] . . 75435] . 56800] . 76090) . . 76734| . 58525) 11 
50 | 9. 7410110. . 7477910. 9. 75446]0. 5681519. 7610110. . 76745)0. 58539] 10 
51 AL L26 . T4791 . 75457] . 56829] . 76112! . . 76755} . 58553] 9 
52 2 (EEN . T4802] . . 75468] . 56843] . 76123] . . 76766] . 58568] 8 
53 ~ (ERB . 74813} . . 75479] . 56858] . 76134) . . 76777| . 58582] 7 
54 ‘ 74146) af . 74824) . . 75490} . 56872] . 76144) . . 76787| . 58596] 6 
55 | 9. 74158)|0. . 74835)0. . 75501/0. 56887]9. 76155)0. . 76798/0. 58611] 5 
56 . 74169} . . 74846] . . 75512! . 56901] . 76166] . . 76808} . 58625] 4 
57 . 74181) . . 74858} . . 75523) . 56915) . 76177! . . 76819] . 58639] 3 
58 . 74192 é . 74869] . . 75534] . 56930] . 76188] . . 76830] . 58654) 2 
59 . 74203) . . 74880} . 75545] . 56944] . 76198 76840] . 58668] 1 
60 | 9. 74215/0. . 74891 755560. 56959]9. 76209 768510. 58682] 0 


264° 


263° 261° 260° 


144] 


TABLE 34 


Haversines 


100° 


~ 


Log Hav | Nat. Hav} Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav| Log Hav 


9. 76851/0. 58682)9. 77481)0. 59540]9. 78101)0. 60396]9. 78709)0. 61248]9. 79306/0. 62096 
. 76861) . 58697) . 77492) . 59555) . 78111) . 60410) . 78719) . 61262] . 79316) . 62110 
. 76872) . 58711) . 77502) . 59569) . 78121) . 60424) . 78729) . 61276] . 79326) . 62124 
. 76883) . 58725) . 77512) . 59583] . 78131) . 60438] . 78739) . 61290} . 79336) . 62138 
. 76893) . 58740) . 77523) . 59598) . 78141) . 60452) . 78749) . 61304] . 79346) . 62153 


. 76904)\0. 58754]9. 77533)0. 59612}9. 78152/0. 60467]9. 78759)0. 61318]9. 79356|0. 62167 
. 76914) . 58768] . 77544) . 59626] . 78162) . 60481] . 78769) . 61333] . 79366] . 62181 
. 76925) . 58783) . 77554) . 59640] . 78172) . 60495] . 78779) . 61347] . 79376) . 62195 
. 76936] . 58797) . 77564) . 59655] . 78182) . 60509] . 78789) . 61361] . 79385) . 62209 
. 76946) . 58811) . 77575) . 59669) . 78192) . 60524] . 78799) . 61375} . 79395) . 62223 


. 76957|0. 5882619. 775850. 59683]9. 78203|0. 60538]9. 78809|0. 61389]9. 79405|0. 62237 
. 76967| . 58840) . 77596) . 59697) . 78213) . 60552] . 78819} . 61403] . 79415} . 62251 
. 76978) . 58854) . 77606) . 59712) . 78223) . 60566] . 78829) . 61418] . 79425) . 62265 
. 76988) . 58869] . 77616) . 59726] . 78233] . 60580} . 78839) . 61432] . 79434) . 62279 
. 76999] . 58883] . 77627) . 59740) . 78243) . 60595) . 78849) . 61446] . 79444) . 62294 


. 770090. 58897|9. 77637|0. 5975519. 78254|0. 60609]9. 78859)/0. 614609. 79454|0. 62308 
. 77020) . 58911) . 77647| . 59769] . 78264) . 60623] . 78869) . 61474] . 79464) . 62322 
. 77031) . 58926] . 77658) . 59783] . 78274) . 60637) . 78879) . 61488) . 79474) . 62336 
. 77041) . 58940} . 77668) . 59797] . 78284) . 60652) . 78889) . 61502] . 79484) . 62350 
. 77052) . 58954] . 77679] . 59812) . 78294) . 60666] . 78899) . 61517] . 79493) . 62364 


. 77062\0. 58969]9. 77689)0. 59826}9. 78305|0. 60680]9. 78909)0. 61531]9. 79503/0. 62378 
. 77073) . 58983] . 77699) . 59840) . 78315) . 60694] . 78919} . 61545] . 79513) . 62392 
. 77083] . 58997] . 77710) . 59854] . 78325) . 60708] . 78929] . 61559] . 79523) . 62406 
. 77094) . 59012) . 77720) . 59869] . 78335] . 60723] . 78939] . 61573] . 79533) . 62420 
. 77104| . 59026] . 77730) . 59883] . 78345) . 60737] . 78949) . 61587] . 79542) . 62434 


. 77115)0. 59040]9. 77741|0. 598979. 78355)0. 607519. 78959/0. 61602]9. 79552/0. 62449] < 
. 77125) . 59055} . 77751) . 59911] . 78365) . 60765] . 78969} . 61616] . 79562) . 62463} - 
. 77136] . 59069] . 77761} . 59926] . 78376] . 60779] . 78979) . 61630] . 79572) . 62477 
. 77146] . 59083] . 77772) . 59940) . 78386) . 60794] . 78989] . 61644] . 79582) . 62491 
. 77157| . 59097] . 77782) . 59954] . 78396] . 60808} . 78999] . 61658] . 79591) . 62505 


. 77167|0. 59112)9. 77792|0. 59968}9. 78406)/0. 6082219. 79009/0. 61672]9. 79601)0. 62519 
. 77178] . 59126] . 77803) . 59983] . 78416] . 60836] . 79019) . 61686] . 79611) . 62533 
. 77188} . 59140) . 77813} . 59997] . 78426) . 60850} . 79029} . 61701] . 79621) . 62547 
. 77199] . 59155] . 77823] . 60011) . 78436] . 60865) . 79039) . 61715] . 79631) . 62561 
. 77209} . 59169] . 77834] . 60025] . 78447] . 60879] . 79049] . 61729] . 79640) . 62575 


. 77220\0. 59183]9. 77844|0. 60040}9. 78457|0. 60893}9. 79059/0. 61743]9. 79650/0. 62589 
. 77230| . 59198] . 77854| . 60054] . 78467} . 60907] . 79069] . 61757) . 79660) . 62603 
. 77241] . 59212) . 77864| . 60068] . 78477) . 60921] . 79079] . 61771] . 79670) . 62618 
. 77251] . 59226] . 77875| . 60082] . 78487] . 60936] . 79089] . 61785] . 79679} . 62632 
. 77262) . 59240] . 77885] . 60097] . 78497| . 60950} . 79099] . 61800} . 79689} . 62646 


. 77272|0. 5925519. 77895|0. 60111]9. 78507|0. 609649. 791080. 61814]9. 79699/0. 62660 
. 77283| . 59269] . 77906] . 60125) . 78517] . 60978] . 79118) . 61828] . 79709) . 62674 
. 77293| . 59283] . 77916] . 60139] . 78528] . 60992) . 79128) . 61842) . 79718] . 62688 
. 77304| . 59298] . 77926] . 60154] . 78538] . 61006] . 79138) . 61856] . 79728] . 62702 
. 77314| . 59312] . 77936] . 60168] . 78548] . 61021) . 79148] . 61870) . 79738) . 62716 


.77325/0. 5932619. 77947/0. 60182]9. 78558)0. 61035]9. 79158)/0. 61884]9. 79748)/0. 62730 
. 77335] . 59340) . 77957] . 60196] . 78568) . 61049] . 79168) . 61898] . 79757| . 62744 
. 77346) . 59355) . 77967] . 60211] . 78578] . 61063] . 79178] . 61913] . 79767] . 62758 
. 77356). 59369] . 77978] . 60225] . 78588] . 61077] . 79188] . 61927] . 79777] . 62772 
. 77366| . 59383] . 77988] . 60239] . 78598) . 61092) . 79198] . 61941] . 79787|_. 62786 


. 77377\0. 59398]9. 77998|0. 60253]9. 78608|0. 61106]9. 79208/0. 61955]9. 79796|0. 62800 
. 77387| . 59412] . 78008] . 60268] . 78618] . 61120] . 79217} . 61969} . 79806) . 62814 
. 77398] . 59426] . 78019] . 60282] . 78628) . 61134] . 79227] . 61983] . 79816) . 62829 
. 77408] . 59440] . 78029] . 60296] . 78638] . 61148] . 79237] . 61997] . 79825) . 62843 
. 77419] . 59455) . 78039] . 60310] . 78649] . 61163] . 79247) . 62011) . 79835) . 62857 


.77429|0. 59469]9. 78049|0. 60324]9. 78659|0. 61177]9. 79257\0. 62026]9. 79845)/0. 62871 
. 77440] . 59483] . 78060) . 60339] . 78669] . 61191] . 79267] . 62040} . 79855] . 62885 
77450) . 59498] . 78070) . 60353] . 78679] . 61205] . 79277) . 62054] . 79864) . 62899 
77460) . 59512] . 78080 . 60367] . 78689] . 61219] . 79287) . 62068] . 79874) . 62913 
_77471| . 59526] . 78090 . 60381] . 78699] . 61233] . 79297] . 62082) . 79884) . 62927 
. 77481\0. 59540]9. 78101|0. 60396]9. 78709)0. 61248]9. 79306 0. 62096]9. 79893)0. 62941 


OONMDON PWNHH OS 
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TABLE 34 


Haversines 


105° 108° 


Nat. Hav} Log Hav 


Log Hav 


0 | 9. 79893)0. 62941/9. 80470 
1 . 79903) . 62955) . : : . 81601) . 
2] . 79913) . 62969} . . 81054) . 64646] . 81610} . 
3] . 79922) . 62983] . . 81064) . 64660} . 81619) . 
4] . 79932) . 62997] . . 81073] . 64674] . 81628) . 
5 | 9. 79942/0. 630119. Y . 81082)0. 64688}9. 81637/0. 
6] . 79951) . 63025) . . 81092) . 64702) . 81647] . 
7 | . 79961) . 63039} . . 81101} . 64716) . 81656) . 
8 | . 79971) . 63053] . . 81110) . 64730} . 81665) . 
9] . 79980) . 63067] . . 81120) . 64744] . 81674 . 
10 | 9. 79990)/0. 63081)9. ; . 81129/0. 64758/9. 816830. 


- 80000} . 63095] . . 81138) . 64772) . 81692) . 
. 80009) . 63109] . . 81148) . 64785] . 81701) . 
. 80019) . 63123) . . 81157] . 64799] . 81711) . 
. 80029) . 63138} . . 81166) . 64813) . 81720) . 


9. 80038)0. 63152)9. ; . 81176/0. 64827/9. 81729)0. 


. 80048) . 63166} . . 81185) . 64841] . 81738) . 
- 80058) . 63180} . . 81194) . 64855] . 81747) . 
. 80067) . 63194] . . 81204) . 64869] . 81756) . 
. 80077| . 63208} . . 81213) . 64883] . 81765) . 


9. 80087|0. 63222)9. ; 
- 80096; . 63236] . 80669} . 64075 
- 80106} . 63250} . 80678) . 64089 
- 80116; . 63264] . 80688] . 64103] . 81250) . 64938] . 81802) . 
- 80125) . 63278] . 80697| . 64117] . 81259) . 64952] . 81811) . 


9. 80135/0. 63292/9. 80707/0. 64131}9. 81269|0. 64966]9. 81820)0. 
- 80144) . 63306] . 80716) . 64145] . 81278) . 64980] . 81829] . 
. 80154) . 63320) . 80726] . 64159] . 81287) . 64994] . 81838] . 
- 80164) . 63334] . 80735) . 64173] . 81296) . 65008] . 81847] . 
- 80173) . 63348) . 80745) . 64187] . 81306) . 65021] . 81857) . 


9. 80183/0. 63362/9. 80754|0. 64201]9. 81315/0. 6503519. 81866)0. 
. 80192) . 63376] . 80763] . 64215] . 81324! . 65049] . 81875] . 
- 80202) . 63390] . 80773] . 64229] . 81333) . 65063] . 81884] . 
. 80212) . 63404] . 80782) . 64243] . 81343) . 65077] . 81893) . 
- 80221) . 63418] . 80792) . 64257] . 81352) . 65091] . 81902! . 


80231|0. 63432/9. 80801/0. 64270]9. 81361/0. 65105]9. 8191110. 
- 80240} . 63446) . 80811) . 64284] . 81370) . 65118] . 81920) . 
- 80250) . 63460} . 80820) . 64298] . 81380) . 65132] . 81929) . 
- 80260} . 63474] . 80829) . 64312] . 81389] . 65146] . 81938) . 
- 80839] . 64326] . 81398) . 65160} . 81947] . 


. 80848/0. 64340}9. 81407/0. 6517419. 81956)0. 
- 80858) . 64354] . 81417) . 65188] . 81965) . 
- 80867) . 64368] . 81426) . 65202] . 81975) . 
- 80876) . 64382] . 81435] . 65216] . 81984) . 
- 80886} . 64396] . 81444) . 65229] . 81993) . 


. 80895\0. 64410]9. 8145410. 6524319. 8200210. 
- 80905; . 64424) . 81463) . 65257] . 82011) . 
. 80914] . 64438] . 81472) . 65271] . 82020) . 
- 80923) . 64452] . 81481) . 65285] . 82029) . 
- 80933) . 64466] . 81490) . 65299] . 82038) . 


- 80942)0. 6447919. 81500)0. 65312]9. 82047)0. 
- 80952) . 64493] . 81509) . 65326] . 82056] . 
- 80961) . 64507] . 81518) . 65340] . 82065] . 
. 80970) . 64521) . 81527) . 65354] . 82074 . 
. 80980} . 64535] . 81536] . 65368] . 82083) . 


. 809890. 6454919. 81546/0. 6538219. 8209210. 
- 80998) . 64563] . 81555) . 65396] . 82101) . 
- 81008) . 64577] . 81564] . 65409] . 82110) . 
- 81017) . 64591] . 81573] . 65423] . 82119) . 
- 81026) . 64605} . 81582) . 65437] . 82128 

81036)0. 64619]9. 81592/0. 6545119. 82137 


. 81222)0. 6489719. 81775)0. 
. 81231) . 64910} . 81784! . 
. 81241] . 64924] . 81793) . 


so 


. 82646] . 67060 
- 82655) . 67074 
82664] . 67087 
82673/0. 67101 


SCM NWHOUDNOO 


253° 
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TABLE 34 
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112° 


113° 
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1443 


H Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav] Log Hav | Nat. Hav} Log Hav | Nat. Hav] /’ 
0 | 9. 82673/0. 67101)9. 83199)0. 679189. 83715)/0. 68730]9. 84221|0. 69537)|9. 84718)0. 70337] 60 
1 . 82682) . . 83207| . 67932] . 83723] . 68744] . 84230) . 69550] . 84726] . 70350] 59 
2 . 82691) . . 83216] . 67946] . 83732) . 68757] . 84238) . 69563] . 84735) . 70363] 58 
3 . 82699) . . 83225) . 67959] . 83740) . 68771] . 84246) . 69577) . 84743) . 70377) 57 
4 . 82708) . . 83233] . 67973] . 83749) . 68784] . 84255) . 69590] . 84751) . 70390] 56 
5 . 82717)/0. 67169]9. 83242/0. 6798619. 83757/0. 687989. 84263)0. 69603]9. 84759)0. 70403) 55 
6 . 82726) . . 83251] . 68000} . 83766] . 68811] . 84271] . 69617] . 84767| . 70417) 54 
7 . 82735) . . 83259) . 68013] . 83774) . 68825] . 84280) . 69630) . 84776) . 70430) 53 
8 . 82744) . . 83268] . 68027] . 83783) . 68838] . 84288] . 69644) . 84784) . 70443) 52 
9 . 82752) *. . 83277| . 68041] . 83791) . 68852] . 84296) . 69657] . 84792) . 70456] 51 
10 . 82761)0. 672389. 83285/0. 6805419. 83800)/0. 68865]9. 84305|0. 69670}9. 84800)0. 70470} 50 
11 . 82770] . . 83294] . 68068] . 83808) . 68879] . 84313] . 69684) . 84808) . 70483] 49 
12 . 82779) . . 83303) . 68081] . 83817) . 68892] . 84321) . 69697) . 84817) . 70496) 48 
13 . 82788) . . 83311] . 68095) . 83825) . 68906] . 84330] . 69710] . 84825) . 70509) 47 
14 . 82796] . . 83320) . 68108] . 83834) . 68919] . 84338) . 69724] . 84833) . 70523] 46 
15 . 2805/0. 67306]9. 83329]0. 68122]9. 83842/0. 68932]9. 84346/0. 697379. 84841)0. 70536] 45 
16 . 82814 . . 83337| . 68135] . 83851) . 68946] . 84355) . 69751] . 84849] . 70549} 44 
Ne . 82823) . . 83346) . 68149] . 83859] . 68959] . 84363) . 69764] . 84857) . 70562) 43 
18 . 82832) . . 83355) . 68163} . 83868) . 68973] . 84371) . 69777] . 84866) . 70576] 42 
19 . 83363) . 68176] . 83876) . 68986] . 84380) . 69791] . 84874) . 70589) 41 
20 6737419. 83372|0. 68190]9. 83885|0, 69000]9. 84388)/0. 69804}9. 84882)0. 70602] 40 
21 . 83380] . 68203] . 83893] . 69013] . 84396} . 69817] . 84890] . 70615) 39 
22 . 83389] . 68217] . 83902} . 69027] . 84405) . 69831] . 84898) . 70629) 38 
23 . 83398] . 68230] . 83910} . 69040] . 84413] . 69844] . 84906) . 70642) 37 
24 . 83406) . 68244] . 83919) . 69054] . 84421! . 69857] . 84914) . 70655) 36 
25 67442]9. 83415|0. 68257]9. 83927|0. 69067]9. 84430|0. 69871]9. 84923/0. 70668] 35 
26 . 83424] . 68271] . 83935] . 69080] . 84438] . 69884] . 84931) . 70682] 34 
27 . 83432] . 68284] . 83944! . 69094] . 84446] . 69897] . 84939) . 70695) 33 
28 . 83441] . 68298] . 83952) . 69107] . 84454) . 69911] . 84947) . 70708] 32 
29 . 83449] . 68312] . 83961] . 69121] . 84463) . 69924] . 84955) . 70721) 31 
30 6751019. 83458/0. 68325]9. 83969/0. 69134/9. 84471|0. 69937)9. 84963/0. 70735] 30 
31 . 83467| . 68339] . 83978] . 69148] . 84479] . 69951] . 84971) . 70748) 29 
32 . 83475] . 68352] . 83986] . 69161] . 84488] . 69964] . 84979) . 70761] 28 
33 . 83484] . 68366] . 83995] . 69174] . 84496] . 69977] . 84988] . 70774] 27 
34 . 83492] . 68379] . 84003! . 69188] . 84504) . 69991] . 84996) . 70788] 26 
35 67578|9. 83501/0. 68393]9. 84011/0. 69201]9. 84512)0. 70004]9. 85004)0. 70801] 25 
36 . 83510! . 68406] . 84020] . 69215] . 84521| . 70017| . 85012) . 70814] 24 
37 . 83518) . 68420] . 84028] . 69228] . 84529] . 70031] . 85020) . 70827] 23 
38 . 83527| . 68433] . 84037] . 69242] . 84537) . 70044] . 85028) . 70840) 22 
39 . 83535) . 68447] . 84045] . 69255] . 84545) . 70057] . 85036) . 70854) 21 
40 6764719. 83544\0. 6846019. 84054/0. 69268]9. 84554/0. 7007119. 85044/0. 70867) 20 
41 . 83552) . 68474] . 84062] . 69282] . 84562) . 70084! . 85052) . 70880) 19 
42 . 83561] . 68487] . 84070) . 69295] . 84570) . 70097] . 85061] . 70893) 18 
43 . 83570] . 68501) . 84079] . 69309] . 84578) . 70111] . 85069] . 70907) 17 
44 . 83578) . 68514] . 84087] . 69322] . 84587] . 70124) . 85077| . 70920) 16 
45 6771519. 83587\0. 68528]9. 84096/0. 69336]9. 84595)/0. 70137]9. 85085)0. 70933] 15 
46 - 83595! . 68541) . 84104] . 69349] . 84603) . 70151] . 85093) . 70946) 14 
47 - 83604! . 68555] . 84112] . 69362] . 84611] . 70164] . 85101] . 70959) 13 
48 - 83612! . 68568] . 84121] . 69376] . 84620) . 70177] . 85109) . 70973) 12 
49 - 83621| . 68582] . 84129] . 69389] . 84628] . 70191] . 85117) . 70986) 11 
50 6778319. 83630\0. 6859519. 84138/0. 69403]9. 84636|0. 70204)9. 85125)0. 70999} 10 
51 . 83638] . 68609] . 84146] . 69416] . 84644) . 70217] . 85133) . 71012) 9 
52  83647| . 68622] . 84154] . 69429] . 84653] . 70230} . 85141) . 71025 8 
53 - 83655| . 68636] . 84163] . 69443] . 84661| . 70244) . 85149) . 71039 i 
54 - 83664 . 68649] . 84171] . 69456] . 84669) . 70257] . 85158) . 71052 6 
55 6785019. 83672/0. 68663]9. 84179|0. 69470]9. 84677\0. 70270]9. 85166)0. 71065) 5 
56 - 83681! . 68676] . 84188] . 69483] . 84685] . 70284) . 85174) . 71078] 4 
57 . 83689| . 68690] . 84196] . 69496] . 84694| . 70297) . 85182) . 71091} 3 
58 - 83698] . 68703] . 84205] . 69510] . 84702) . 70310) . 85190) . 71105} 2 
59 - 83706| . 68717] . 84213] . 69523] . 84710) . 70324) . 85198) . GALES) el 
60 67918]9. 83715 0. 68730)9. 84221 0. 69537|9. 84718 0. 7033719. 85206/0. 71131] 0 
248° 247° 246° 245° 
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115° 116° 117° 118° 119° 


Log Hav 


9. 85206/0. 711319. 85684/0. 71919}9. 86153)0. 727009. 86613/0. 73474|9. 870640. 74240] 60 
- 85214) . 71144] . 85692) . 71932] . 86161] . 72712] . 86621| . 73486] . 87072| . 74253] 59 
- 85222) . 71157] . 85700) . 71945] . 86169] . 72725] . 86628) . 73499] . 87079] . 74266] 58 
- 85230) . 71170) . 85708) . 71958] . 86176] . 72738] . 86636] . 73512] . 87086] . 74279] 57 
- 85238) . 71184] . 85716} . 71971] . 86184] . 72751] . 86643] . 73525] . 87094] . 742911 56 


9. 85246/0. 71197/9. 85724/0. 719849. 86192|0. 7276419. 8665110. 735389. 87101|0. 74304| 55 
- 85254) . 71210) . 85731] . 71997) . 86200] . 72777] . 86659] . 73551| . 87109] . 74317] 54 
- 85262) . 71223) . 85739) . 72010) . 86207| . 72790] . 86666) . 73563] . 87116) . 74329] 53 
- 85270) . 71236] . 85747] . 72023] . 86215] . 72803] . 86674) . 73576] . 87124] . 74342] 52 
. 85278) . 71249] . 85755) . 72036] . 86223) . 72816] . 86681| . 73589] . 87131] . 74355 51 


10 | 9. 85286/0. 71263]9. 85763|0. 72049]9. 86230/0. 7282919. 8668910. 7360219. 87138)0. 74368] 50 
11 - 85294) . 71276] . 85771] . 72062] . 86238] . 72842] . 86696] . 73615] . 87146] . 74380} 49 
12 - 85302) . 71289] . 85779) . 72075} . 86246] . 72855] . 86704| . 73628] . 87153). 74393] 48 
13 - 85310) . 71302] . 85787] . 72088] . 86254| . 72868] . 86712] . 73640] . 871611 . 74406] 47 
14 - 85318) . 71315] . 85794} . 72101] . 86261] . 72881] . 86719] . 73653] . 87168) . 74418) 46 


15 | 9. 85326)0. 71328]9. 85802)/0. 72114]9. 862690. 72894|9. 86727/0. 73666/9. 87175|0. 74431] 45 
16 - 85334) . 71342] . 85810] . 72127] . 86277| . 72907| . 86734! . 73679] . 87183} . 74444] 44 
Ne - 85342) . 71355] . 85818] . 72141] . 86284] . 72920] . 86742! . 736921 . 87190} . 74456] 43 
18 - 85350) . 71368] . 85826] . 72154] . 86292] . 72932] . 86749] . 73704] . 87198) . 74469] 42 
19 - 85358) . 71381] . 85834] . 72167] . 86300] . 72945] . 86757] . 737171 . 87205) . 74482] 41 


. 853660. 713949. 85841/0. 72180]9. 86307|0. 729589. 8676410. 73730 9. 87212)/0. 74494] 40 
21 - 85374) . 71407] . 85849] . 72193] . 86315] . 72971] . 867721 . 73743] . 87220] . 74507] 39 
22 - 85382) . 71420] . 85857] . 72206] . 86323] . 72984] . 86780) . 73756] . 87227) . 74520] 38 
23 - 85390) . 71434] . 85865] . 72219] . 86331] . 72997| . 86787] . 73768] . 87235] . 74533] 37 
24 - 85398) . 71447] . 85873) . 72232] . 86338] . 73010] . 86795] . 73781] . 87242) . 74545] 36 


25 | 9. 85406/0. 71460}9. 85881|0. 7224519. 86346\0. 7302319. 86802)0. 73794]9. 87249/0. 74558] 35 
26 - 85414) . 71473] . 85888] . 72258] . 86354| . 73036] . 86810] . 73807] . 87257| . 74571] 34 
27 - 85422) . 71486] . 85896] . 72271] . 86361| . 73049] . 86817) . 73820] . 87264) . 74583] 33 
28 - 85430) . 71499] . 85904| . 72284! . 86369] . 73062] . 86825] . 73832] . 87271] . 74596] 32 
yy - 85438) . 71512] . 85912} . 72297] . 86377| . 73075] . 86832) . 73845] . 87279) . 74609] 31 


30 | 9. 85446/0. 7152619. 85920\0. 72310]9. 863840. 73087 9. 86840/0. 73858]9. 87286|0. 74621] 30 
31 - 85454) . 71539] . 85928] . 72323] . 86392! . 73100] . 86847| . 73871] . 87294] . 74634] 29 
32 - 85462) . 71552] . 85935] . 72336] . 86400! . 73113] . 86855] . 73883] . 87301] . 74646] 28 
33 - 85470) . 71565] . 85943] . 72349] . 86407| . 731261 . 86862 . 73896] . 87308] . 74659] 27 
34 - 85478) . 71578] . 85951} . 72362] . 86415] . 73139] . 86870) . 73909] . 87316] . 74672] 26 


35 | 9. 85486/0. 7159119. 85959|0. 7237519. 86423)0. 73152]9. 86877/0. 73922]9. 87323|0. 74684] 25 
36 . 85494) . 71604] . 85967] . 72388] . 86430! . 73165] . 86885] . 73935] . 87330] . 74697] 24 
37 - 85502) . 71617] . 85974] . 72401] . 86438) . 73178] . 86892| . 73947| . 87338] . 74710] 23 
38 - 85510) . 71631] . 85982] . 72414] . 86446! . 73191] . 86900] . 73960] . 87345] . 74722] 22 
39 - 85518) . 71644] . 85990} . 72427] . 86453! . 73203 . 86907| . 73973] . 87352] . 74735] 21 


40 | 9. 85526/0. 7165719. 85998|0. 7244019. 86461 0. 73216]9. 86915|0. 7398619. 8736010. 74748] 20 
41 - 85534) . 71670] . 86006] . 72453] . 86468) . 73229] . 86922] . 73998] . 87367) . 74760] 19 
42 - 85542) . 71683] . 86013] . 72466] . 86476] . 73242 . 86930) . 74011] . 87374] . 74773] 18 
43 - 85550) . 71696] . 86021] . 72479] . 86484] . 73255] . 86937] . 74024! . 87382] . 74786] 17 
44 . 85557) . 71709] . 86029) . 72492] . 86491] . 73268] . 86945] . 74037] . 87389] . 747981 16 


45 | 9. 85565/0. 7172219. 86037|0. 7250519. 86499 0. 73281}9. 86952/0. 7404919. 8739610. 74811] 15 
46 - 85573) . 71735] . 86045] . 72518] . 86507] . 73294) . 86960] . 74062] . 87404] . 74823] 14 
47 - 85581) . 71748] . 86052) . 72531] . 86514! . 73306] . 86967| . 74075] . 87411] . 74836] 13 
48 - 85589) . 71762] . 86060) . 72544! . 86529) | 73319] . 86975] . 74088] . 87418] . 74849] 12 
49 - 85597! . 71775] . 86068) . 72557] . 86529) . 73332) . 86982) . 74100] . 87426] . 74861] 11 


50 | 9. 85605/0. 71788]9. 86076|0. 7257019. 86537)0. 733459. 86990/0. 7411319. 874330. 74874 10 
51 - 85613) . 71801] . 86083] . 72583] . 86545] . 73358) . 86997] . 74126] . 87440] . 74887 
52 - 85621) . 71814] . 86091] . 72596] . 86552) 73371} . 87004! . 74139] . 87448) . 74899 
53 - 85629) . 71827] . 86099] . 72609] . 86560) . 73384) . 87012] . 74151] . 87455! . 74912 
54 . 85637) . 71840] . 86107] . 72622] . 86568 . 73396] . 87019] . 74164] . 87462] . 74924 


55 | 9. 85645/0. 7185319. 86114|0. 72635)9. 86575|0. 7340919. 87027|0. 74177|9. 8747010. 74937 
56 . 85653} . 71866] . 86122] . 72648] . 86583) . 73422) . 87034| . 74190] . 87477] . 74950 
57 - 85660) . 71879] . 86130} . 72661] . 86590 . 73435] . 87042] . 74202] . 87484] . 74962 
58 - 85668) . 71892] . 86138] . 72674] . 86598 . 73448] . 87049] . 74215] . 87492] . 74975 
59 - 85676] . 71905] . 86145] . 72687] . 86606] . 73461] . 87057| . 74228] . 87499] | 74987 
60 | 9. 85684/0. 7191919. 8615310. 72700 9. 86613/0. 73474]9. 87064/0. 74240]9. 87506)0. 75000 
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122° 
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124° 


Log Hav | Nat. Hav] Log Hav 
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9. 875060. 75000)9. 
. 87513) . 75013 
. 87521) . 75025 
. $7528) . 75038 
. 87535} . 75050 


87939 


. 87947 
. 87954 
. 87961 
. 87968 


0. 7575219. 88364 
. 75764) . 88371 
. T5777]. 88378 
. 75789] . 88385 
. 75802] . 88392 


0. 76496]9. 88780 
. 76508] . 88787 
. 76521) . 88793 
. 76533} . 88800 
. 76545] . 88807 


0. 77232]9. 89187 
. 77244] . 89194 
. 77256}. . 89200 
. 77269) . 89207 
. 77281) . 89214 


0. 77960 
5A 
. 17984 
. 77996 
. 78008 


CONBDOFWNHeE OS 


. 87543/0. 75063)9. 
. 87550) . 75076 
. 87557) . 75088 
. 87564) . 75101 
. 87572) . 75113 


87975 


. 87982 
. 87989 
. 87996 
. 88004 


. 7581419. 88399 
. 75827] . 88406 
. 75839] . 88413 
. 75852] . 88420 
. 75864] . 88427 


. 76558)9. 88814 
. 76570] . 88821 
. 76582) . 88828 
. 76595} . 88835 
. 76607] . 88841 


. 77293]9. 89221 
. 77305] . 89227 
. 77317] . 89234 
. 77329] . 89241 
. 77342) . 89247 


. 78020 
. 78032 
. 78044 
. 78056 
. 78068 


. 87579)0. 75126)9. 
. 87586) . 75138 
. 87593} . 75151 
. 87601) . 75164 
. 87608] . 75176 


88011 


. 88018 
. 88025 
- 88032 
. 88039 


. 7587619. 88434 
. 75889] . 88441 
. 75901} . 88448 
. 75914] . 88455 
. 75926] . 88462 


0.'76619}9. 88848 
. 76632) . 88855 
. 76644) . 88862 
. 76656} . 88869 
. 76668] . 88876 


0. 7735419. 89254 
. 77366] . 89261 
. 77378] . 89267 
. 77390) . 89274 
. 77402] . 89281 


. 78080 
. 78092 
. 78104 
. 78116 
. 78128 


. 87615/0. 75189)9. 
. 87623] . 75201 
. 87630) . 75214 
. 87637) . 75226 
. 87644] . 75239 


88046 


. 88053 
. 88061 
. 88068 
. 88075 


. 75939]9. 88469 
. T5951] . 88476 
. 75964] . 88483 
. 75976} . 88490 
. 75988] . 88496 


0. 766819. 88882 
. 76693] . 88889 
. 76705} . 88896 
. 76718} . 88903 
. 76730} . 88910 


0. 77415]9. 89287 
. T7427) . 89294 
. 77439] . 89301 
. T7451) . 89308 
. 77463] . 89314 


0. 78140 
. 78152 
. 78164 
. 78176 
. 78188 


. 87652'0. 75251)9. 
. 87659) . 75264 
. 87666] . 75277 
. 87673) . 75289 
. 87680} . 75302 


88082 


. 88089 
. 88096 
. 88103 
. 88110 


0. 76001}9. 88503 
. 76013} . 88510 
. 76026} . 88517 
. 76038] . 88524 
. 76050} . 88531 


0. 76742)9. 88916 
. 76754] . 88923 
. 76767} . 88930 
. 76779) . 88937 
. 76791] . 88944 


0. 77475}9. 89321 
. T7488] . 89328 
. 77500] . 89334 
. 77512] . 89341 
. T7524] . 89348 


0. 78200 
. 78212 
. 78224 
. 78236 
. 78248 


. 87688 0. 753149. 


. 87695] . 75327 
. 87702) . 75339 
. 87709] . 75352 
. 87717) . 75364 


88117 


. 88124 
. 88131 
. 88139 
. 88146 


0. 76063]9. 88538 
. 76075} . 88545 
. 76088} . 88552 
. 76100} . 88559 
. 76113} . 88566 


0. 76804}9. 88950 
. 76816] . 88957 
. 76828] . 88964 
. 76840) . 88971 
. 76853] . 38978 


0. 77536]9. 89354 
. 77548] . 89361 
. 77560} . 89368 
. 77573) . 89374 
. 77585] . 89381 


0. 78260] : 


. 78272 
. 78284 
. 78296 
. 78308 


. 877240. 75377)9. 
. 87731) . 75389 
. 87738) . 75402 
. 87745) . 75415 
. 87753) . 75427 


88153 


. 88160 
. 88167 
. 88174 
. 88181 


0. 76125]9. 88573 
. 76137] . 88580 
. 76150} . 88587 
. 76162] . 88594 
. 76175} . 88600 


0. 7686519. 88984 0. 77597]9. 89387 


. 76877) . 88991 
. 76890} . 88998 
. 76902} . 89005 
. 76914] . 89012 


. 77609] . 89394 
. 77621} . 89400 
. 77633] . 89407 
. 77645] . 89414 


0. 78320 
. 78332 
. 78344 
. 78356 
. 78368 


. 87760)0. 754409. 
. 87767) . 75452 
. 87774) . 75465 
. 87782) . 75477 
. 87789) . 75490 


88188 


. 88195 
. 88202 
. 88209 
. 88216 


0. 76187]9. 88607 
. 76199} . 88614 
. 76212] . 88621 
. 76224] . 88628 
. 76236] . 88635 


0. 76926}9. 89018 
. 76939] . 89025 
. 76951} . 89032 
. 76963} . 89039 
. 76975) . 89045 


0. 77657}9. 89421 
. 77670] . 89427 
. 77682] . 89434 
. 77694) . 89441 
. 77706) . 89447 


0. 78380 
. 78392 
. 78404 
. 78416 
. 78428 


. 877960. 75502)9. 
. 87803) . 75515 
. 87810} . 75527 
. 87818) . 75540 
. 87825] . 75552 


88223 


. 88230 
. 88237 
. 88244 
. 88252 


0. 76249]9. 88642 
. 76261] . 88649 
. 76274] . 88656 
. 76286] . 88663 
. 76298] . 88670 


0. 76988]9. 89052 
. 77000} . 89059 
. 77012} . 89066 
. 77024) . 89072 
. 77036} . 89079 


0. 77718}9. 89454 
. 77730] . 89460 
. T7742) . 89467 
. 77754] . 89474 
. 77766} . 89480 


0. 78440 
. 78452 
. 78464 
. 78476 
. 78488 


. 87832)\0. 75565)9. 
. 87839) . 75577 
. 87846) . 75590 
. 87853] . 75602 
. 87861) . 75615 


88259 


. 88266 
. 88273 
. 88280 
. 88287 


0. 76311]9. 88677 
. 76323] . 88683 
. 76335) . 88690 
. 76348] . 88697 
. 76360] . 88704 


. 77049]9. 89086 
. 77061} . 89093 
. 77073) . 89099 
. 77085) . 89106 
. 77098} . 89113 


0. 77779]9. 89487 
T7791] . 89493 
. 77803] . 89500 
. 77815] . 89507 
. 77827) . 89513 


0. 78500 
. 78512 
. 78524 
. 78536 
. 78548 


. 87868)/0. 75627/9. 
. 87875] . 75640 
. 87882) . 75652 
. 87889] . 75665 
. 87896] . 75677 


88294 


. 88301 
. 88308 
. 88315 
. 88322 


. 7637319. 88711 
. 76385] . 88718 
. 76397] . 88725 
. 76410] . 88732 
. 76422] . 88739 


. 77110]9. 89120 
. 77122] . 89126 
. 771384] . 89133 
. 77147) . 89140 
. 77159] . 89147 


. 778399. 89520 
. 77851) . 89527 
. 77863) . 89533 
. 77875] . 89540 
. T7887) . 89546 


. 78560 
. 78571 
. 78583 
. 78595 
. 78607 


. 87904)0. 75690)9. 
. 87911) . 75702 
. 87918) . 75714 
. 87925) . 75727 
. 87932) . 75739 
. 8793910. 757529. 


88329 


. 88336 
. 88343 
. 88350 
. 88357 


88364 


. 7643419. 88745 
. 76447] . 88752 
. 76459] . 88759 
. 76471] . 88766 
. 76484] . 88773 
0. 76496]9. 88780 


. T7171]9. 89153 
. 77183] . 89160 
. T7195] . 89167 
. 77208] . 89174 
. 77220) . 89180 
0. 77232]9. 89187 


. 77899]9. 89553 
. T7911] . 89559 
. 77923] . 89566 
. 77936] . 89573 
. 77948) . 89579 
0. 77960}9. 89586 


. 78619 
. 78631 
. 78643 
. 78655 
. 78667 
0. 78679 


| Oewwkala-~100 
| 


239° 


238° 


237° 


236° 


235° 


1446 


125° 


Log Hav 


TABLE 34 


Haversines 


9. 89586)0. 
. 89592) . 
. 89599} . 
. 89606] . 
. 89612) . 


. 90738) . 
. 90744 . 
. 90751) . 
- 90757) . 


. 89619)0. 
. 89625) . 
. 89632) . 
. 89638) . 
. 89645} . 


CO CONT sabes me 


. 90763)0. 
. 90769} . 
. 90775) . 
. 90781) . 
- 90787) . 


. 89651)0. 
. 89658) . 
. 89665} . 
. 89671) . 
. 89678) . 


. 90794)0. 
. 90800) . 
. 90806) . 
. 90812) . 
. 90818) . 


. 89684/0. 
. 89691] . 
. 89697) . 
. 89704! . 
. 89710} . 


. 90824)0. 
- 90830) . 
. 90836) . 


. 90843) . 
. 90849} . 


. 89717)0. 
. 89723) . 
. 89730) . 
. 89736] . 
. 89743) . 


. 90104/0. 
POOL ie 
POOL Te 
. 90124) . 
. 90130} . 


. 904840. 
. 90490 . 
. 90496] . 
. 90503) . 
- 90509] . 


. 90855)0. 
. 90861) . 
. 90867] . 
. 90873) . 
. 90879} . 


. 91224) . 
. 91230} . 
. 91236) . 
. 91242) . 


. 8974910. 
. 89756) . 
. 89763} . 


. 89769} . 
. 89776) . 


. 90136)0. 
. 90143] . 
. 90149) . 
. 90156} . 
. 90162) . 


- 90521) . 
. 90527] . 
. 90534] . 
. 90540} . 


90515/0. 


. 90885)0. 
- 90892) . 
- 90898) . 
. 90904] . 
- 90910) . 


. 91248)0. 
. 91254) . 
. 91260} . 
. 91265) . 
. 91271 


. 89782)0. 
. 89789] . 
. 89795} . 
. 89802) . 
- 89808) . 


. 90168)0. 
. 90175) . 
. 90181) . 
. 90187] . 
. 90194] . 


. 90546)0. 
. 90552} . 
. 90559) . 
. 90565) . 
. 90571 


. 90916)0. 
. 90922) . 
. 90928) . 
. 90934) . 
. 90940] . 


. 91277)0. 
. 91283] . 
. 91289] . 
. 91295 
. 91301 


. 89815)0. 
. 89821) . 
. 89828) . 
. 89834) . 
. 89840) . 


. 90200)0. 
. 90206] . 
. 90213) . 
. 90219] . 
. 90225) . 


. 90577)0. 
. 90584] . 
. 90590} . 
. 90596) . 
. 90602) . 


. 90946)0. 
- 90952) . 
. 90958] . 
. 90965] . 
w90971 


. 91307)0. 
. 91313 
ILS LON 
- 91325) . 
. 91331 


. 89847/0. 
. $9853) . 
. 89860} . 
. 89866} . 
. 89873} . 


. 90232/0. 
. 90238) . 
. 90244) . 
. 90251 

. 90257) . 


. 90608)0. 
. 90615) . 
. 90621) . 
. 90627) . 
- 90633} . 


. 90977)0. 
. 90983} . 
. 90989] . 
. 90995) . 
. 91001 


9. 91337)0. 
. 91343] . 
. 91349} . 
. 91355] . 
. 91361 


. 8987910. 
. 89886] . 
. 89892) . 
NOISO0 le 
. 89905) . 


. 90264)0. 
. 90270} . 
. 90276} . 
. 90282) . 
- 90289] . 


- 90639)0. 
. 90646) . 
. 90652) . 
- 90658] . 
. 90664] . 


. 91007)0. 
. 91013 

~9LO19I®: 
. 91025] . 
. 91031 


. 91367)0. 
. 91372). 
. 91378) . 
. 91384) . 
. 91390] . 


. 9912/0. 
. 89918} . 
. 89925) . 
. 89931 
. 89938) . 


. 90295)0. 
. 90301] . 
. 90308) . 
. 90314] . 
- 90320] . 


. 90676) . 
- 90683) . 
. 90689] . 
. 90695) . 


90670)0. 


. 91037)0. 
. 91043} . 
. 91049) . 
. 91055) . 
. 91061 


. 91396)0. 
- 91402) . 
. 91408) . 
. 91414) . 
. 91420] . 


. 89944)0. 
. 89950) . 
. 89957] . 
. 89963] . 
. 89970) . 
. 89976]0. 


9. 90327)0. 
. 90333) . 
- 90339] . 
. 90346} . 
. 90352) . 
. 90358/0. 80091]9. 


. 90707] . 
. 90714 . 
. 90720) . 
. 90726 


90701 


. 80772 
90732)0. 80783]9. 


. 91067)0. 
. 91074) . 
- 91080} . 
. 91086} . 
DOLOOZT 


91098)0. 81466]9. 


. 91426)0. 
. 91432) . 
. 91437] . 
. 91443] . 
. 91449 


. 82128 
91455]0. 82139 


OP NWR OU DANIO CO 


234° 


233° 


232° 


231° 


230° 


130° 


1447 


TABLE 34 


Haversines 


t Log Hav | Nat. Hav] Log Hav 
0 | 9. 91455/0. 82139]9. 91805 
1 . 91461) . 82151} . 91810 . 82814 ; , - 
2 . 91467) . 82162] . 91816) . 82825) . 92157) . 83478 . 92816) . 84754 
3 . 91473) . 82173] . 91822) . 82836] . 92163) . 83489 . 92821) . 84764 
4 . 91479) . 82184] . 91828) . 82847] . 92169) . 838500) . 92827) . 84775 
5 | 9. 91485)0. 82195]9. 91833]0. 82858]9. 92174)0, 83511}9 . 92832)0. 84785 
6 . 91490} . 82206) . 91839} . 82869] . 92180) . 838521 . 92837) . 84796 
7 . 91496} . 82217] . 91845) . 82880] . 92185) . 83532 . 92843] . 84806 
8 . 91502} . 82228) . 91851) . 82891] . 92191) . 885438 . 92848] . 84817 
9 . 91508} . 82240} . 91856} . 82902] . 92197] . 83554 . 92853] . 84827 
10 | 9. 91514/0. 82251]9. 91862)0. 82913]9. 92202/0. 8356419 . 92859}0. 84837 
. 91520} . 82262) . 91868) . 82924] . 92208] . 83575 . 92864! . 84848 
. 91526} . 82273] . 91874) . 82934] . 92213) . 83586 . 92869] . 84858 
. 91532) . 82284] . 91879] . 82945] . 92219) . 83597 . 92875] . 84869 
. 91537] . 82295} . 91885) . 82956} . 92225) . 83608 . 92880] . 84879 
9. 91543)/0. 82306/9. 91891/0. 8296719. 92230/0. 83618]9 . 92885)/0. 84890 
. 91549} . 82317] . 91896) . 82978] . 92236) . 83629 . 92891! . 84900 
. 91555} . 82328] . 91902) . 82989] . 92241) . 83640 . 92896) . 84910 
. 91561] . 82339] . 91908] . 83000] . 92247) . 83651 . 92901] . 84921 
. 91567| . 82351] . 91914) . 83011] . 92253) . 83661 . 92907| . 84931 
9. 91573\0. 8236219. 91919]0. 83022]9. 92258]0. 83672]9. 92589)0. 84312]9. 92912)0. 84942 
. 91578] . 82373] . 91925] . 83033] . 92264] . 83683] . 92594) . 84323] . 92917] . 84952 
. 91584] . 82384] . 91931] . 83044] . 92269] . 83694] . 92600) . 84333] . 92923) . 84962 
. 91590] . 82395] . 91936] . 83055] . 92275] . 83704] . 92605) . 84344] . 92928) . 84973 
. 91596] . 82406] . 91942] . 83066] . 92280} . 83715] . 92611) . 84354) . 92933) . 84983 
9. 91602/0. 8241719. 91948'0. 83077|9. 922860. 83726]9. 92616)0. 84365]9. 92939]0. 84994 
. 91608] . 82428] . 91954] . 83087] . 92292] . 83737] . 92622) . 84376] . 92944) . 85004 
. 91613] . 82439] . 91959] . 83098] . 92297] . 83747] . 92627] . 84386] . 92949] . 85014 
. 91619] . 82450] . 91965] . 83109] . 92303] . 83758] . 92633) . 84397] . 92955) . 85025 
. 91625] . 82461] . 91971] . 83120] . 92308] . 83769] . 92638) . 84407] . 92960) . 850385 
9. 91631/0, 8247219. 91976/0. 83131]9. 92314|0. 83780}9. 92643)0. 84418]9. 929650. 85045 
. 91637] . 82483] . 91982] . 83142] . 92319] . 83790] . 92649) . 84428) . 92970) . 85056) 
91643] . 82495] . 91988) . 83153] . 92325] . 83801] . 92654] . 84439] . 92975) . 85066 
. 91648] . 82506] . 91993] . 83164] . 92330] . 83812] . 92660) . 84449] . 92981) . 85077 
.91654| . 82517] . 91999] . 83175] . 92336] . 83822] . 92665) . 84460} . 92986) . 85087 
9. 91660|0. 82528]9. 92005/0. 83185]9. 92342/0. 83833]9. 92670,0. 84470)9. 92992/0. 85097 
. 91666] . 82539] . 92010] . 83196] . 92347] . 83844] . 92676] . 84481] . 92997) . 85108 
. 91672] . 82550) . 92016] . 83207| . 92353] . 83855] . 92681) . 84492) . 93002) . 85118 
_91677| . 82561] . 92022] . 83218] . 92358] . 83865] . 92687] . 84502) . 93007) . 85128 
. 91683] . 82572] . 92027] . 83229] . 92364] . 83876] . 92692) . 84513] . 93013) . 85139 
9. 91689|0. 8258319. 920330. 83240]9. 92369)0. 83887]9. 92698)/0. 84523)9. 93018 0. 85149 
. 91695] . 825941 . 92039] . 83251] . 92375] . 83897] . 92703) . 84534] . 93023} . 85159 
. 91701] . 82605] . 92044! . 83262] . 92380] . 83908] . 92708) . 84544) . 93029) . 85170 
. 91706] . 82616] . 92050] . 83272] . 92386] . 83919) . 92714) . 84555) . 93034] . 85180 
. 91712] . 82627] . 92056] . 83283] . 92391] . 83929] . 92719] . 84565) . 93039] . 85190 
9. 91718'0. 8263819. 92061/0. 83294]9. 92397|0. 83940]9. 92725)0. 84576)9. 93044/0. 85201 
.91724| . 82649] . 92067] . 83305] . 92402) . 83951] . 92730) . 84586) . 93050) . 85211 
. 91730] . 82660] . 92073] . 83316] . 92408] . 83961} . 92735) . 84597] . 93055] . 85221 
. 91735] . 82671] . 92078] . 83327] . 92413] . 83972] . 92741) . 84607] . 93060} . 85232 
.91741| . 82682] . 92084] . 83337] . 92419] . 83983] . 92746) . 84618) . 93065| . 85242 
9. 91747/0. 8269319. 92090)0. 83348]9. 92425)0. 8399319. 92751/0..84628 9. 93071|0. 85252 
- 91753) . 82704] . 92095] . 83359] . 92430) . 84004] . 92757) . 84639] . 93076) . 85263] 9 
. 91758] . 82715] . 92101] . 83370} . 92436] . 84015] . 92762) . 84649] . 93081) . 85273) 8 
.91764| . 82726] . 92107] . 83381] . 92441] . 84025) . 92768) . 84660] . 93086] . 85283) 7 
.91770| . 82737) . 92112) . 83392] . 92447| . 84036] . 92773) . 84670] . 93092} . 85294 : 
9. 91776/0. 8274819. 92118/0. 83402)9. 92452)0. 84047)9. 92778/0. 84681]9. 93097/0. 85304 
_ 91782] . 82759] . 92124) . 83413] . 92458) . 84057] . 92784) . 84691} . 93102) . 85314 4 
_91787| . 82770] . 92129] . 83424] . 92463) . 84068] . 92789) . 84702) . 93107] . 85324) 3 
. 91793) . 82781] . 92135] . 83435] . 92469) . 84079] . 92794) . 84712] . 93113) . 85335] 2 
. 91799) . .92140| . 83446] . 92474) . 84089 . 92800) . 84722] . 93118] . 85345) 1 
. 92146 0. 83457 9. 92480 0. 84100 9. 92805|0. 84733 9. 93123)0. 85355} 0 


227° 226° 225° 


228° 


1448 


135° 


TABLE 34 


Haversines 


, Log Hav | Nat. Hav} Log Hav | Nat. Hav Log Hav | Nat. Hav] Log Hav 4 
0 | 9. 93123/0. 85355]9. 93433/0. 85967]9. 9373610. 8656819. 94030)0. 60 

1 . 93128) . 85366 . 93741) . 86578] . 94035] . 59 
2 . 93134) . 85376 . 93746) . 86588] . 94040] . 58 
3 . 93139} . 85386 . 93751] . 86597] . 94045) . 57 
4 . 93144) . 85396 . 93755] . 86607] . 94050) . 56 
5 | 9. 93149/0. 85407]9 . 93760/0. 86617]9. 94055)0. 55 
6 . 93154) . 85417 . 93765] . 86627] . 94059] . 54 
a . 93160) . 85427 . 93770] . 86637] . 94064] . 53 
8 . 93165) . 85438 . 93775] . 86647] . 94069] . 52 
9 . 93170) . 85448 . 93780] . 86657] . 94074] . 51 
10 | 9. 93175)0. 85458/9 . 93785/0. 86667]9. 94079)0. 50 
11 . 93181] . 85468 . 93790] . 86677] . 94084! . 49 
12 . 93186) . 85479 . 93795] . 86686] . 94088] . 48 
13 . 93191] . 85489 . 93800] . 86696] . 94093) . 47 
14 . 93196] . 85499 . 93805} . 86706] . 94098) . 46 
15 | 9. 93201/0. 85509]9. . 93810/0. 86716}9. 94103)0. 45 
16 . 93207] . 85520 . 93815} . 86726] . 94108) . 44 
al . 93212) . 85530 . 93820} . 86736] . 94112) . 43 
18 . 93217] . 85540 . 93825] . 86746] . 94117] . 42 
19 . 93222) . 85550 . 93830} . 86756] . 94122) . 41 
20 | 9. 93227/0. 85560]9 . 93835]0. 86765]9. 94127)0. 40 
21 . 93232) . 85571 . 93840] . 86775] . 94132] . 39 
22 . 93238] . 85581 . 93845] . 86785] . 94137] . 38 
23 . 93243) . 85591 . 93849] . 86795] . 94141] . 37 
24 . 93248) . 85601 . 93854] . 86805] . 94146] . 36 
25 | 9. 93253/0. 8561219 . 93859/0. 8681519. 94151)0. 35 
26 . 93258] . 85622 . 93864) . 86825] . 94156] . 34 
20 . 93264) . 85632 . 93869] . 86834] . 94161] . 33 
28 . 93269] . 85642 . 93874) . 86844] . 94165] . 32 
29 . 938274) . 85652 . 93879] . 86854] . 94170] . 31 
30 | 9. 93279/0. 8566319 . 93884]0. 86864]9. 94175/0. 30 
31 . 93284; . 85673 . 93889] . 86874] . 94180] . 29 
32 . 93289) . 85683 . 93894] . 86884] . 94184} . 28 
33 . 93295) . 85693 . 93899} . 86893] . 94189] . Patt 
34 . 93300} . 85703 . 93904) . 86903] . 94194) . 26 
35 | 9. 93305]0. 8571319 . 93908/0. 86913]9. 94199/0. 25 
36 . 93310] . 85724 . 93913] . 86923] . 94204] . 24 
37 . 93315} . 85734 . 93918) . 86933] . 94208) . 23 
38 . 93320) . 85744 . 93923] . 86942] . 94213] . 22 
39 . 93326) . 85754 . 93928] . 86952] . 94218] . 21 
40 | 9. 93331)0. 85764/9 . 93933/0. 86962]9. 94223)0. 20 
41 . 95336) . 85774 . 93938] . 86972] . 94227] . 19 
42 . 93341] . 85785 . 93943] . 86982] . 94232) . 18 
43 . 93346] . 85795 . 93948] . 86991] . 94237] . V9 
44 . 93351) . 85805 . 93952) . 87001] . 94242) . 16 
45 | 9. 93356/0. 8581519 . 93957|0. 8701119. 94246)0. 15 
46 . 93362) . 85825 . 93962] . 87021] . 94251] . 14 
47 . 93367) . 85835 . 93967| . 87030] . 94256} . 13 
48 . 93372] . 85846 . 93972) . 87040] . 94261) . 12 
49 - 93377 . 85856 . 93977) . 87050] . 94265] . 11 
50 | 9. 93382/0. 85866/9 . 93982/0. 87060]9. 9427010. 10 
51 - 93387] . 85876 . 93987] . 87070] . 94275] . 9 
52 . 93392] . 85886 . 93991) . 87079] . 94280] . 8 
53 . 93397) . 85896 . 93996) . 87089] . 94284) . 7 
54 - 93403} . 85906 . 94001] . 87099] . 94289) . 6 
55 | 9. 93408]0. 8591619 . 94006/0. 87109]9. 9429410, 5 
56 . 93413] . 85927 . 94011) . 87118] . 94299} . 4 
o7 . 93418] . 85937 . 94016) . 87128] . 94303] . 3 
58 . 93423) . 85947 . 94021) . 87138] . 94308) . 2 
59 . 93428].. 85957 . 94026] . 87148] . 94313 1 
60 | 9. 93433/0. 8596719 . 94030/0. 87157]9. 94318 0) 


224° 


222° 


221° 


~ 


140° 


TABLE 34 


Haversines 


141° 142° 


143° 144° 


Log Hav 


Nat. Hav| Log Hav 


Nat. Hav} Log Hav 


Nat. Hav} Log Hav 


1449 


9. 94597 


. 88302)9. 94869)0. 88857]9. 95134 
4) . 88866] . 95138) . 89409 


. 88876] . 95143 
. 88885) . 95147 
. 88894) . 95151 


0. 894019. 95391 
. 95396 
. 89418] . 95400 
. 89427) . 95404 
. 89436] . 95408 


0. 89932]9. 95641)0. 
. 89941] . 95645) . 
. 89949] . 95649) . 
. 89958] . 95654) . 
. 89967] . 95658) . 


CONAN PWNH © 


. 88903)9. 95156 
. 88912] . 95160 
. 88921} . 95164 
. 88930] . 95169 
. 88940] . 95173 


. 89445]9. 95412 
. 89454] . 95417 
. 89463] . 95421 
. 89472] . 95425 
. 89481] . 95429 


. 8997519. 956620. 
. 89984] . 95666) . 
. 89993] . 95670) . 
. 90002] . 95674) . 
. 90010} . 95678) . 


. 88949)9. 95177 
. 88958] . 95182 
. 88967] . 95186 
. 88976] . 95190 
. 88985} . 95195 


. 89490]9. 95433 
. 89499] . 95438 
. 89508] . 95442 
. 89517] . 95446 
. 89526] . 95450 


. 9001 9]9. 95682)0. 
. 90028] . 95686) . 
. 90037] . 95690) . 
. 90045] . 95694) . 
. 90054] . 95699) . 


. 88994]9. 95199 
. 89003] . 95203 
. 89012} . 95208 
. 89022] . 95212 
. 89031] . 95216 


. 89534]9. 95454 
. 89543] . 95459 
. 89552] . 95463 
. 89561] . 95467 
. 89570) . 95471 


. 90063]9. 95703)0. 
. 90071] . 95707) . 
. 90080} . 95711) . 
. 90089} . 95715) . 
. 90097] . 95719] . 


. 89040)9. 95221 
. 89049] . 95225 
. 89058} . 95229 
. 89067) . 95234 
. 89076} . 95238 


. 89579]9. 95475 
. 89588] . 95480 
. 89597] . 95484 
. 89606] . 95488 
. 89614] . 95492 


. 90106]9. 95723)0. 
. 90115) . 95727) . 
. 90124] . 95731) . 
. 90132] . 95735) . 
. 90141} . 95739) . 


. 89085]9. 95242 
. 89094) . 95246 
. 89103} . 95251 
. 89112] . 95255 
. 89121] . 95259 


. 89623]9. 95496 
. 89632] . 95501 
. 89641] . 95505 
. 89650} . 95509 
. 89659} . 95513 


. 90150]9. 95743)0. 
. 90158] . 95747) . 
. 90167] . 95751) . 
. 90176} . 95755) . 
. 90184] . 95759) . 


. 89130}9. 95264 
. 89139] . 95268 
. 89149] . 95272 
. 89158] . 95276 
. 89167] . 95281 


. 89668)9. 95517 
. 89677] . 95521 
. 89685] . 95526 
. 89694] . 95530 
. 89703] . 95534 


. 90193}9. 95763)0. 
. 90201} . 95768) . 
. 90210] . 95772) . 
. 90219] . 95776) . 
. 90227) . 95780] . 


. 89176}9. 95285 
. 89185] . 95289 
. 89194] . 95294 
. 89203] . 95298 
. 89212] . 95302 


. 89721] . 95542 
. 89730} . 95546 
. 89738} . 95550 
. 89747] . 95555 


. 8971219. 95538) 


. 90236}9. 957840. 
. 90245] . 95788) . 
. 90253] . 95792) . 
. 90262] . 95796) . 
. 90271} . 95800) . 


. 89221)9. 95306 
. 89230} . 95311 
. 89239) . 95315 
. 89248] . 95319 
, 89257] . 95323 


. 8975619. 95559 
. 89765) . 95563 
. 89774) . 95567 
. 89782) . 95571 
. 89791] . 95575 


. 90279}9. 95804)0. 
. 90288} . 95808) . 
. 902961 . 95812) . 
. 90305] . 95816) . 
. 90314] . 95820) . 


. 89266)9. 95328 
. 89275) . 95332 
. 89284) . 95336 
. 89293] . 95340 
. 89302] . 95345 


. 89809} . 95584 
. 89818} . 95588 
. 89826] . 95592 
. 89835] . 95596 


. 89800]9. 955791 


. 90322)9. 95824)0. 
. 90331] . 95828) . 
. 90339] . 95832) . 
. 90348] . 95836) . 
. 90357] . 95840} . 


. 89311}9. 95349 
. 89320} . 95353 
. 89329) . 95357 
. 89338] . 95362 
. 89347) . 95366 


. 898449. 95600 
. 89853] . 95604 
. 89862} . 95608 
. 89870} . 95613 
. 89879] . 95617 


. 90365]9. 958440. 
. 90374] . 95848) . 
. 90382] . 95852) . 
. 90391] . 95856) . 
. 90399} . 95860) . 


. 8935619. 95370 


: . 89392) . 95387 
9, 95134\0. 89401]9. 95391 


. 89365] . 95374) . 
. 89374] . 95379) . 
. 89383] . 95383) . 


. 89888]9. 95621 
. 95625 
. 95629 
. 95633 
. 89923] . 95637 
0. 89932)9. 95641 


. 90408]9. 95864)0. 
. 90417) . 95868) . 
. 90425] . 95872) . 


0. 9045119. 95884/0. 


. 90434] . 95876) . § 
90442) . 95880) . ¢ 


218° 217° 21 


6° 215° 


ODI 8 © 


en wene 


| 
| 
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TABLE 34 


Haversines 


145° 146° 149° 


, Log Hav | Nat. Hav] Log Hav | Nat, Hav| Log Hav 
0 | 9. 95884/0. 90958]9. 96119/0. 9145219. 96347 60 
1 . 95888} . 90966] . 96123] . 91460] . 96351] . 91941] . . 96786) . 92866] 59 
2 . 95892) . 90974] . 96127] . 91468] . 96355] . 91949] . . 96789) . 92873] 58 
3 - 95896] . 90983] . 96131] . 91476] . 96359] . 91957] . . 96793) . 92881] 57 
4 - 95900} . 90991] . 96135] . 91484] . 96362] . 91965] . . 96796] . 92888] 56 
5 | 9. 95904/0. 90999]9. 96139)0. 91493]9. 9636610. 9197319. ; . 96800/0. 92896} 55 
6 - 95908] . 91008] . 96142] . 91501] . 96370] . 91981 . 96803] . 92903] 54 
7 - 95912) . 91016] . 96146] . 91509] . 96374] . 91989] . . 96807} . 92911] 53 
8 - 95916) . 91024] . 96150] . 91517] . 96377| . 91997] . . 96810} . 92918} 52 
9 - 95920} . 91033] . 96154] . 91525] . 96381! . 92005] . . 96814! . 92926] 51 
10 | 9. 95924)0. 91041]9. 96158/0. 91533]9. 96385 0. 92013)9. i . 96817/0. 92933] 50 
11 - 95928) . 91049] . 96162} . 91541] . 96388] . 92020] . . 96821) . 92941] 49 
12 . 95932) . 91057] . 96165] . 91549] . 96392] . 92028] . . 96824) . 92948] 48 
13 - 95936] . 91066] . 96169] . 91557] . 96396) . 92036] . . 96827| . 92955) 47 
14 - 95939} . 91074] . 96173] . 91565] . 96400! . 92044] . . 96831) . 92963] 46 
15 | 9. 95943/0. 91082/9. 96177|0. 9157319. 96403 0. 92052)9. } . 96834/0. 92970] 45 
16 - 95947] . 91091] . 96181] . 91582] . 96407] . 92060] . . 96837) . 92978] 44 
17 - 95951) . 91099} . 96185] . 91590] . 96411] . 92068] . . 96841) . 92985] 43 
18 . 95955) . 91107] . 96188] . 91598] . 96414] . 92076] . . 96845} . 92993] 42 
19 - 95959} . 91115] . 96192] . 91606] . 96418) . 92083] . . 96848) . 93000] 41 
20 | 9. 95963)/0. . 96196)0. 91614]9. 96422)/0, 92091]9. b . 96852|0. 93007] 40 
21 - 96200] . 91622] . 96426] . 92099] . y . 96855! . 93015] 39 
22 . 96204] . 91630] . 96429] . 92107] . . 96859} . 93022} 38 
23 - 96208) . 91638] . 96433] . 92115] . . 96862) . 93030] 37 
24 . 96211) . 91646] . 96437] . 92123] . . 96866] . 93037] 36 
25 . 96215)/0. 9165419. 96440]0. 92130)9. L . 96869/0. 93045] 35 
26 - 96219] . 91662] . 96444! . 92138] . . 96873) . 93052] 34 
Pa, . 96223) . 91670] . 96448] . 92146] . . 96876] . 93059] 33 
28 . 96227) . 91678] . 96451] . 92154] . . 96879) . 93067] 32 
29 - 96230) . 91686] . 96455] . 92162) . . 96883! . 93074] 31 
30 . 9623410. 91694]9. 9645910. 9217019. : . 96886/0. 93081} 30 
31 . 96238] . 91702] . 96462] . 92177] . . 96890] . 93089] 29 
32 . 96242} . 91710] . 96466] . 92185] . - 96894) . 93096] 28 
33 . 96246] . 91718] . 96470] . 92193] . . 96897] . 93104] 27 
34 - 96249} . 91726] . 96473] . 92201 . 96900) . 93111] 26 
35 . 96253/0. 917349. 96477/0. 9220919. hs . 96904/0. 93118] 25 
36 . 96257] . 91742] . 96481! . 92216] . . 96907) . 93126] 24 
37 . 96261] . 91750] . 96484! . 92224] . . 96910] . 93133] 23 
38 - 96265] . 91758] . 96488] . 92239] . . 96914) . 93140] 22 
39 . 96268] . 91766] . 96492] . 92240] . - 96917) . 93148] 21 
40 . 96272]0. 9177419. 9649510. 9224819. b . 96921)0. 93155] 20 
4] . 96276) . 91782] . 96499] . 92255] . . 96924) . 93162] 19 
42 - 96280] . 91790] . 96503] . 92263] . . 96928) . 93170] 18 
43 . 96283] . 91798] . 96506! . 92271] . - 96931) . 93177] 17 
44 - 96287] . 91806] . 96510] . 92279] . - 96934) . 93184] 16 
45 - 96291/0. 9181419. 9651410. 9228619. ‘ . 96938)0. 93192] 15 
46 - 96295] . 91822} . 96517] . 92294] . . 96941} . 93199] 14 
47 - 96299) . 91830] . 96521] . 92309] . . 96945] . 93206] 13 
48 - 96302] . 91838] . 96525] . 92310) . . 96948] . 93214] 12 
49 - 96306] . 91846] . 96528] . 92317] . - 96951) . 93221] 11 
50 . 96310)/0. 9185419. 9653210, 92325 9. ' . 969550. 93228] 10 
ol . 96314] . 91862] . 96536) . 92333] . - 96958} . 93236] 9 
52 - 96317) . 91870] . 96539] . 92341] . . 96962} . 93243] 8 
53 - 96321] . 91878] . 96543] . 92348] . - 96965] . 93250] 7 
54 - 96325) . 91886] . 96547] . 92356] . . 96968} . 93258] 6 
55 . 96329)0. 9189419. 9655010. 92364 9. . 96972/0. 93265) 5 
56 - 96332) . 91902] . 96554! . 92372 ’ - 96975} . 93272] 4 
57 . 96336] . 91910] . 96557/ . 92379] . 96772] . 92836] . 96979] . 93279] 3 
58 - 96340] . 91918] . 96561) . 92387] . 96775] . 92843] . 96982) . 93287| 2 
59 . 96344] . 91926] . 96565] . 92395] . 96779) . 92851] . 96985] . 93294] 1 
60 96347|0. 9193419. 96568)0. 92402}9. 96782]0. 92858]9. 969809)0. 93301} 0 


213° 


212° 211° 
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TABLE 34 
Haversines 
150° 151° 152° 153° 154° 

z Log Hay | Nat. Hav} Log Hav | Nat. Hav} Log Hav | Nat. Hav| Log Hav | Nat. Hav] Log Hav |Nat. Hav} ’ 
0 | 9. 96989|0. 9330119. 97188]0. 9373119. 97381)0. 94147|9. 97566|0. 9455019. 9774510. 94940] 60 

1 . 96992) . 9383809] . 97192) . 93738] . 973884) . 94154] . 97569] . 94557] . 97748) . 94946] 59 
2 . 96996) . 93316} . 97195) . 93745] . 97387) . 94161) . 97572) . 94564] . 97751) . 94952) 58 
3 . 96999] . 93323} . 97198) . 93752] . 97390) . 94168] . 97575] . 94570] . 97754) . 94959] 57 
4 . 97002) . 983830] . 97201) . 93759] . 973893) . 94175] . 97578) . 94577] . 97756) . 94965] 56 
5 | 9. 97006)0. 93338]9. 97205)0. 93766]9. 97397|0. 94181]9. 97581/0. 94583]9. 97759)0. 94972] 55 

6 . 97009] . 983845} . 97208) . 93773] . 97400) . 94188) . 97584) . 94590) . 97762) . 94978) 54 

7 . 97012) . 933852) . 97211) . 93780) . 97403) . 94195] . 97587) . 94596] . 97765) . 94984) 53 

8 . 97016) . 93359] . 97214) . 93787] . 97406) . 94202) . 97591) . 94603] . 97768) . 94991} 52 
9 . 97019) . 938367] . 97218) . 93794] . 97409) . 94209] . 97594) . 94610} . 97771) . 94997] 51 
10 | 9. 97022/0. 93374]9. 97221/0. 93801]9. 97412)0. 94215]9. 97597/0. 94616]9. 97774/0. 95003] 50 
11 . 97026) . 93381} . 97224) . 93808) . 97415) . 94222) . 97600) . 94623] . 97777) . 95010} 49 
12 . 97029) . 93388} . 97227) . 93815) . 97418) . 94229] . 97603) . 94629} . 97780} . 95016) 48 
13 . 97033] . 93395] . 97231) . 93822] . 97422) . 94236) . 97606) . 94636] . 97783) . 95022) 47 
14 . 97036) . 93403] . 97234) . 938829] . 97425) . 94243) . 97609) . 94642) . 97785) . 95029) 46 _ 
15 | 9. 97039]0. 93410]9. 97237/0. 93836]9. 97428]0. 94249]9. 97612)0. 94649]9. 97788)0. 95035] 45 
16 . 97043) . 93417] . 97240) . 93843] . 97431) . 94256] . 97615] . 94655) . 97791) . 95041) 44 
17 . 97046) . 93424] . 97244] . 93850] . 97434) . 94263] . 97618) . 94662] . 97794) . 95048) 43 
18 . 97049] . 93432] . 97247] . 93857] . 97437| . 94270) . 97621) . 94669] . 97797) . 95054) 42 
19 . 97052) . 93439] . 97250) . 93864] . 97440) . 94276] . 97624) . 94675] . 97800) . 95060) 41 
20 | 9. 97056/0. 93446]9. 97253)/0. 93871]9. 97443/0. 94283]9. 97627/0. 94682]9. 97803/0. 95066} 40 
21 . 97059| . 93453] . 97257) . 93878] . 97447) . 94290] . 97630) . 94688] . 97806) . 95073) 39 
22 . 97063) . 93460} . 97260) . 93885] . 97450) . 94297] . 97633] . 94695] . 97808) . 95079) 38 
23 . 97066] . 93468] . 97263] . 93892] . 97453) . 94303] . 97636) . 94701] . 97811) . 95085) 37 
24 . 97069) . 93475] . 97266) . 93899] . 97456] . 94310] . 97639] . 94708) . 97814) . 95092) 36 
25 | 9. 97073/0. 9348219. 97269]0. 93906]9. 97459|0. 94317]9. 97642)0. 9471419. 97817/0. 95098) 35 
26 . 97076] . 93489] . 97273] . 93913] . 97462] . 94324] . 97645) . 94721] . 97820) . 95104) 34 
27 . 97079] . 93496] . 97276] . 93920] . 97465) . 94330] . 97647] . 94727] . 97823) . 95110] 33 
28 . 97083] . 93503] . 97279] . 93927] . 97468] . 94337] . 97650) . 94734] . 97826) . 95117) 32 
29 . 97086] . 93511] . 97282] . 93934] . 97471) . 94344] . 97653) . 94740] . 97829) . 95123] 31 
30 | 9. 97089|0. 93518]9. 97285|0. 93941]9. 97474|0. 94351]9. 97656) 0. 94747]9. 97831]0. 95129) 30 
31 . 97093] . 93525] . 97289] . 93948] . 97478] . 94357] . 97659) . 94753] . 97834) . 95136] 29 
32 . 97096] . 93532] . 97292) . 93955] . 97481) . 94364] . 97662) . 94760 . 97837) . 95142) 28 
33 . 97099} . 93539] . 97295] . 93962] . 97484) . 94371] . 97665] . 94766] . 97840) . 95148) 27 
34 97103) . 93546] . 97298] . 93969] . 97487) . 94377] . 97668] . 94773] . 97843) . 95154) 26 
35 | 9. 9710610. 93554/9. 97301\0. 93976]9. 97490|0. 9438419. 97671)0. 94779]9. 97846)0. 95161) 25 
36 -97109| . 93561] . 97305! . 93982] . 97493] . 94391] . 97674| . 94786] . 97849} . 95167) 24 
37 . 97113] . 93568] . 97308] . 93989] . 97496] . 94397] . 97677| . 94792) . 97851 . 95173 23 
38 . 97116] . 93575] . 97311] . 93996] . 97499] . 94404] . 97680) . 94799 . 97854 . 95179) 22 
39 97119] . 93582] . 97314| . 94003] . 97502) . 94411] . 97683] . 94805] . 97857) . 95185 21 
40 | 9. 97123|0, 93589}9. 97317|0. 94010]9. 97505)0. 9441819. 97686|0. 94811}9. 97860)0. 95192) 20 
41 971261 . 93596) . 97321] . 94017] . 97508) . 94424] . 97689] . 94818] . 97863) . 95198) 19 
42 . 97129] . 93603] . 97324) . 94024] . 97511) . 94431] . 97692) . 94824 . 97866 . 95204 18 
43 . 97132] . 93611] . 97327) . 94031] . 97514] . 94438] . 97695) . 94831 . 97868 . 95210 17 
44 . 97136] . 93618] . 97330} . 94038) . 97518 . 94444] . 97698). 94837 . 97871) . 95217] 16 
45 9. 971390. 9362519. 97333/0. 9404519. 97521/0. 94451]9. 97701|0. 948449. 97874)0. 95223 RS: 
46 _ 97142] . 93632] . 97337] . 94051] . 97524] . 94458] . 97704, . 94850 . 97877) . 95229) 14 
47 . 97146] . 93639] . 97340] . 94058) . 97527] . 94464] . 97707| . 94856 . 97880] . 95235) 13 
48 _ 97149] . 93646] . 97343] . 94065] . 97530) . 94471] . 97710) . 94863 . 97883) . 95241] 12 
49 .97152|-. 93653] . 97346] . 94072) . 97533] . 94477] . 97713 . 94869] . 97885 . 95248) 11 
50 9. 9715610. 9366019. 97349/0. 9407919. 97536|0. 9448419. 97716/0. 94876]9. 97888) 0. 95254 10 
51 -97159| . 93667| . 97352| . 94086] . 97539] . 94491] . 97718) . 94882 . 97891) . 95260) 9 
52 -97162| . 93674] . 97356] . 94093] . 97542) . 94497] . 97721) . 94889 . 97894 . 95266 8 
53 _ 97165] . 93682] . 97359] . 94099] . 97545) . 94504] . 97724) . 94895 . 97897] .95272) 7 
54 97169] . 93689] . 97362) . 94106] . 97548) . 94511] . 97727] . 94901 - 97899 . 95278) 6 
55 | 9. 9717210. 93696]9. 97365/0. 94113]9. 97551)0. 9451 9, 97730)0. 94908]9. 97902/0. 95285] 5 
56 _ 97175] . 93703) . 97368] . 94120] . 97554) . 94524] . 97733 . 94914] . 97905 . 95291 4 
57 -97179| . 93710] . 97371] . 94127] .97557| . 94531] . 97736 . 94921 . 97908 . 95297] 3 
58 . 97182) . 93717] . 97375] . 94134] . 97560) . 94537 . 97739| . 94927] . 97911] . 95303) 2 
59 97185] . 93724] . 97378) . 94141] . 97563] . 94544] . 97742 . 94933] . 97914) . 95309) 1 
60 | 9. 9718810. 93731]9. 97381/0. 94147]9. 97566/0. 9455 9, 97745/0. 94940]9. 97916)0. 95315} 0 
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TABLE 34 


Haversines 


155° 


156° 


Log Hav 


Nat. Hav 


Log Hav | Nat. Hav 


Log Hav | Nat. Hav} Log Hav | Nat. Hav] Log Hav | Nat. Hav 


0 | 9. 97916/0. 95315]9. 98081|0. 95677]9. 98239/0. 96025]9. 98389/0. 9635919. 985330. 60 
1} . 97919) . 95322] . 98084] . 95683} . 1 : . 98536) . 96684] 59 
2] . 97922) . 95328] . 98086] . 95689 . 98538) . 96689) 58 
3] . 97925) . 95334] . 98089] . 95695 . 98540) . 96695) 57 
4 | . 97927) . 95340] . 98092] . 95701 . 98543) . 570 ad 
5 | 9. 97930/0. 95346/9. 98094/0. 95707]9 L L . 98545)0. 9 
6 | . 97933) . 95352] . 98097] . 95713 . 98404} . 96392) . 98547] . 96710] 54 
7 | . 97936] . 95358] . 98100) . 95719 . 98406] . 96397] . 98550} . 96715] 53 
8] . 97939) . 95364] . 98102) . 95724 - 98409) . 96403] . 98552) . 96721] 52 
9] .97941) . 95371] . 98105] . 95730 - 98411) . 96408] . 98554) . 96726] 51 
10 | 9. 97944/0. 9537719. 98108/0. 95736|9. . 98414)0. 96413]9. 98557/0. 96731) 50 
11 . 97947| . 95383] . 98110] . 95742 - 98416] . 96419] . 98559) . 96736] 49 
12 | . 97950) . 95389} . 98113] . 95748 . 98419) . 96424] . 98561) . 96741) 48 
13 | . 97953) . 95395] . 98116] . 95754 - 98421) . 96430] . 98564! . 96746] 47 
14 | . 97955) . 95401) . 98118) . 95760 . 98424) . 96435] . 98566) . 96752] 46 
15 | 9. 97958)0. 95407/9. 98121/0. 9576619 . 98426) 0. 964409. 98568/0. 96757] 45 
16 | . 97961) . 95413] . 98124) . 95771 - 98428) . 96446] . 98570) . 96762] 44 
17 | . 97964] . 95419] . 98126] . 95777 . 98431) . 96451] . 98573] . 96767] 43 
18 | . 97966) . 95425] . 98129] . 95783) - 98433) . 96457] . 98575] . 96772] 42 
19 | . 97969) . 95431) . 98132) . 95789 - 98436) . 96462] . 98577, . 96777] 41 
20 | 9. 97972/0. 95438]9. 98134|0. 95795]9 . 984380. 96467/9. 98580/0. 96782] 40 
21 . 97975] . 95444] . 98137] . 95801 . 98440) . 96473] . 98582) . 96788] 39 
22 | .97977| . 95450) . 98139] . 95806 . 98443) . 96478] . 98584) . 96793] 38 
23 | . 97980) . 95456] . 98142) . 95812 - 98445) . 96483] . 98587) . 96798] 37 
24 | . 97983) . 95462] . 98145] . 95818 . 98448) . 96489] . 98589) . 96803] 36 
25 | 9. 97986/0. 9546819. 98147|0. 95824]9. ; - 98450/0. 9649419. 98591/0. 96808] 35 
26 | . 97988) . 95474] . 98150] . 95830] . 98305] . 96172] . 98453) . 96500] . 98593] . 96813] 34 
27 | . 97991) . 95480] . 98153] . 95836] . 98307] . 96177] . 98455) . 96505] . 98596) . 96818] 33 
28 | . 97994) . 95486] . 98155] . 95841] . 98310! . 96183] . 98457| . 96510} . 98598) . 96823] 32 
29 | _. 97997) . 95492) . 98158) . 95847] . 98312] . 96188! _ 98460 - 96516} . 98600) . 96829] 31 
30 | 9. 979990. 95498]9. 9816110. 95853]9. 9831510. 96194 9. 98462/0. 96521]9. 98603/0. 96834] 30 
31 - 98002) . 95504] . 98163] . 95859] . 98317] . 96200] . 98465 . 96526] . 98605} . 96839] 29 
32 | . 98005) . 95510} . 98166]. . 95865] . 98320! . 96205] . 98467| . 96532] . 98607| . 96844] 28 
33 | . 98008) . 95516] . 98168] . 95870} . 98322! . 96211] . 98469) . 96537] . 98609| . 96849] 27 
34 - 98171) . 95876] . 98325] . 96216] . 98472) . 96542] . 98612 . 96854] 26 
35 - 98174/0. 95882/9. 98327|0. 9622219. 98474/0. 9654719. 9861410. 96859} 25 
36 - 98176) . 95888] . 98330] . 96227] . 98476] . 96553] . 98616) . 96864] 24 
37 - 98179) . 95894] . 98332] . 96233] . 98479] . 965581 _ 98619 . 96869] 23 
38 - 98182) . 95899] . 98335] . 96238] . 98481] . 96563] . 98621} . 96874] 22 
39 - 98184) . 95905] . 98337] . 96244] . 98484! . 96569] . 98623) . 96879] 21 
40 - 98187/0. 95911]9. 98340/0. 96249]9. 98486/0. 96574]9. 98625/0. 96884] 20 
4] - 98189) . 95917] . 98342) . 96255] . 98488] . 96579] . 98628) . 96889] 19 
42 - 98192) . 95922) . 98345] . 96260] . 98491] . 96585] . 98630} . 96894] 18 
43 - 98195) . 95928] . 98347] . 96266] . 98493] . 965901 . 98632) . 96899] 17 
44 - 98197) . 95934] . 98350] . 96272! . 98496] . 96595] . 98634) . 96905] 16 
45 - 98200/0. 95940]9. 98352/0. 9627719. 9849810. 9660019. 98637|0. 96910} 15 
46 - 98202) . 95945] . 98355} . 96283] . 98500! . 966061 . 98639] . 96915} 14 
47 - 98205) . 95951] . 98357) . 96288] . 98503] . 96611 . 98641} . 96920} 13 
48 - 98208} . 95957] . 98360] . 96294] . 98505! . 96616] . 98643] . 96925] 12 
49 - 98210] . 95962] . 98362) . 96299] . 98507| . 96621] . 98646} . 96930} 11 
50 . 98213]0. 959689. 98365/0. 9630519. 9851010. 9662719. 98648/0. 96935} 10 
51 - 98215) . 95974] . 98367) . 96310] . 985121 . 96632 - 98650) . 96940) 9 
52 - 98218) . 95980] . 98370] . 96315] . 98514] . 96637] . 98652| . 96945} 8 
53 - 98221) . 95985] . 98372] . 96321] . 98517] . 96642 - 98655] . 96950) 7 
54 - 98223] . 95991] . 98375] . 96326] . 98519] . 96648] . 98657| . 96955] 6 
55 - 98226)0. 95997|9. 98377/0. 9633219. 9852110. 96653 9. 98659/0. 96960] 5 
56 - 98228] . 96002] . 98379] . 96337] . 98524] . 96658] . 98661} . 96965] 4 
57 - 98231) . 96008] . 98382] . 96343] . 98526] . 96663 . 98664} . 96970] 3 
58 - 98233) . 96014] . 98384] . 96348] . 98529) . 96669} . 98666] . 96975] 2 
59 98236) . 96020] . 98387] . 96354] . 98531! . 96674 - 98668] . 96980] 1 
60 98239/0. 960259. 98389|0. 96359|9. 9853310. 966799. 98670/0. 96985] 0 


203° 


202° 


201° 
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TABLE 34 


Haversines 


160° 


161° 162° 163° 164° 


Log Hav | Nat. Hav} Log Hav | Nat. Hav} Log Hav | Nat. Hav 


Log Hav | Nat. Hav} Log Hav | Nat. Hav] ’ 


9. 98670|0. 96985]9. 98801|0. 97276]9. 98924/0. 97553]9. 99041/0. 97815]9. 99151)/0. 98063] 60 
. 98673] . 96990] . 98803] . 97281] . 98926) . 97557] . 99043) . 97819] . 99152) . 98067) 59 
. 98675] . 96995] . 98805] . 97285] . 98928] . 97562) . 99044) . 97824) . 99154] . 98071) 58 
. 98677| . 97000} . 98807| . 97290} . 98930] . 97566] . 99046) . 97828] . 99156] . 98075) 57 
. 98679] . 97004] . 98809) . 97295} . 98932) . 97571] . 99048] . 97832] . 99158) . 98079) 56 


9. 9868110. 97009]9. 98811\0. 973009. 989340. 97575}9. 99050)0. 97836]9. 99159/0. 98083} 55 
. 98684| . 97014] . 98813] . 97304] . 98936] . 97580} . 99052) . 97841) . 99161) . 98087) 54 
. 98686] . 97019] . 98815] . 97309] . 98938] . 97584] . 99054) . 97845] . 99163} . 98091) 53 
. 98688] . 97024] . 98817] . 97314] . 98940) . 97589] . 99056) . 97849] . 99165) . 98095) 52 
. 98690] . 97029] . 98819] . 97318] . 98942) . 97593] . 99058) . 97853} . 99166] . 98099) 51 


10 | 9. 98692/0. 97034]9. 98822/0. 97323]9. 989440. 97598}9. 99059|0. 97858]9. 99168]0. 98103} 50 
il . 98695] . 97039] . 98824] . 97328] . 98946] . 97602] . 99061] . 97862] . 99170) . 98107) 49 
12 . 98697) . 97044] . 98826] . 97332] . 98948] . 97606} . 99063] . 97866] . 99172) . 98111) 48 
13 . 98699] . 97049] . 98828] . 97337] . 98950] . 97611] . 99065} . 97870} . 99173) . 98115) 47 
14 | . 98701] . 97054] . 98830) . 97342] . 98952) . 97615] . 99067] . 97874] . 99175) . 98119] 46 


15 | 9. 98703/0. 97059]9. 98832|0. 97347]9. 98954|0. 97620]9. 990690. 97879]9. 99177)0. 98123) 45 
16 . 98706] . 97064] . 98834] . 97351] . 98956] . 97624] . 99071] . 97883] . 99179] . 98127) 44 
17 . 98708) . 97069] . 98836] . 97356] . 98958] . 97629] . 99072) . 97887] . 99180) . 98131] 43 
18 . 98710] . 97074] . 98838] . 97361] . 98960] . 97633] . 99074| . 97891) . 99182) . 98135) 42 
19 . 98712] . 97078] . 98840] . 97365] . 98962) . 97637] . 99076) . 97895] . 99184| . 98139] 41 


20 | 9. 987140. 97083]9. 988420. 9737019. 98964\0. 97642]9. 99078|0. 97899]9. 991860. 98142) 40 
21 . 98717| . 97088] . 98845) . 97374] . 98966] . 97646] . 99080] . 97904] . 99187) . 98146} 39 
22 . 98719| . 97093] . 98847] . 97379] . 98968] . 97651] . 99082] . 97908] . 99189] . 98150) 38 
23 . 98721| . 97098] . 98849] . 97384] . 98970] . 97655] . 99084] . 97912] . 99191) . 98154) 37 
24 - 98723| . 97103] . 98851] . 97388] . 98971] . 97660] . 99085) . 97916] . 99193] . 98158) 36 


25 | 9. 98725|0. 97108]9. 98853|0. 97393]9. 98973|0. 97664]9. 99087|0. 97920]9. 991940. 98162) 35 
26 98728] . 97113] . 98855] . 97398] . 98975] . 97668] . 99089| . 97924] . 99196] . 98166] 34 
27 ’ 98730| . 97117] . 98857| . 97402] . 98977] . 97673] . 99091] . 97929] . 99198) . 98170} 33 
28 - 98732] . 97122] . 98859] . 97407] . 98979] . 97677] . 99093] . 97933] . 99200] . 98174] 32 
29 ’ 98734] . 97127] . 98861) . 97412] . 98981) . 97681] . 99095) . 97937] . 99201) . 98178) 31 


30 | 9. 9873610. 9713219. 98863|0. 974169. 98983|0. 97686]9. 99096)/0. 97941]9. 99203)0. 98182] 30 
31 ' 98738| . 97137] . 98865| . 97421] . 98985] . 97690] . 99098] . 97945] . 99205) . 98185) 29 
32 " 98741| . 97142] . 98867| . 97425] . 98987| . 97695] . 99100; . 97949] . 99206) . 98189) 28 
33 " 98743] . 97147] . 98869) . 97430] . 98989] . 97699] . 99102] . 97953] . 99208) . 98193} 27 
34 98745] . 97151) . 98871| . 97435] . 98991] . 97703] . 99104) . 97957] . 99210} . 98197 26 


35 | 9. 9874710. 97156]9. 98873|0. 9743919. 989930. 97708]9. 99106)/0. 97962]9. 99212)0. 98201} 25 
36 ' 98749| . 97161] . 98875| . 97444] . 98995) . 97712] . 99107| . 97966} . 99213) . 98205} 24 
37 ’ 98751| . 97166] . 98877| . 97448] . 98997| . 97716] . 99109] . 97970] . 99215) . 98209} 23 
38 " 98754| . 97171) . 98880| . 97453] . 98999] . 97721] . 99111] . 97974] . 99217) . 98212] 22 
39 " 98756] . 97176] . 98882) . 97458] . 99001| . 97725] . 99113) . 97978} . 99218) . 98216} 21 


40 | 9. 98758/0. 97180|9. 98884|0. 97462|9. 99003|0. 97729]9. 99115)0. 97982)9. 99220)0. 98220} 20 
41 98760! . 971851 . 98886] . 97467] . 99004] . 97734] . 99116) . 97986] . 99222) . 98224} 19 
42 - 98762] . 97190] . 98888] . 97471] . 99006} . 97738) . 99118) . 97990) . 99223] . 98228) 18 
43 - 98764| . 97195] . 98890] . 97476] . 99008] . 97742] . 99120) . 97994) . 99225] . 98232] 17 
44 - 98766] . 97200] . 98892) . 97480] . 99010] . 97747] . 99122) . 97998) . 99227| . 98236] 16 


45 | 9. 987690. 9720419. 98894|0. 97485]9. 99012/0. 97751)9. 99124)0. 98002]9. 99229|0. 98239] 15 
46  98771| . 97209] . 98896] . 97490] . 99014] . 97755] . 99126) . 98007] . 99230) . 98243] 14 
47 ' 98773| . 97214] . 98898] . 97494] . 99016] . 97760] . 99127| . 98011) . 99232] . 98247) 13 
48 98775] . 97219] . 98900] . 97499] . 99018) . 97764) . 99129) . 98015) . 99234] . 98251) 12 
49 ’ 98777| . 97224] . 98902| . 97503] . 99020) . 97768] . 99131) . 98019} . 99235) . 98255] 11 


50 | 9. 9877910. 9722819. 98904|0. 97508]9. 99022)0. 97773]9. 99133)0. 98023 9. 992370. 98258} 10 
51 ' 98781) . 97233] . 98906] . 97512] . 99024] . 97777] . 99135) . 98027] . 99239] . 98262 
52 ' 98784| . 97238] . 98908] . 97517] . 99026] . 97781] . 99136) . 98031) . 99240) . 98266 
53 ' 98786] . 97243] . 98910] . 97521] . 99027] . 97785) . 99138) . 98035) - 99242) . 98270 
54 ’ 98788! . 97247] . 98912] . 97526] . 99029) . 97790) . 99140) . 98039] . 99244] . 98274 


Bd | 9. 9879010. 97252|9. 98914/0. 97530]9. 99031)0. 9779419. 99142/0. 98043]9. 99245)0. 98277 
56 " 98792] . 97257) . 98916) . 97535] . 99033) . 97798] . 99143) . 98047] . 99247| . 98281 
57 " 98794| . 97262] . 98918) . 97539] . 99035) . 97802} . 99145) . 98051) . 99249) . 98285 
58 _ 98796| . 97266] . 98920] . 97544] . 99037) . 97807) . 99147] . 98055] . 99250) . 98289 
59 - 98798| . 97271] . 98922| . 97548] . 99039) . 97811) . 99149] . 98059] . 99252) . 98293 
. 9727619. 989240. 97553]9. 99041|0. 97815}9. 9915110. 98063 9. 992540. 98296 
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198° 197° 196° 195° 
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165° 


TABLE 34 


Haversines 


Log Hav | Nat. Hav 


0 | 9. 99254/0. 60 
1] . 99255] . 98300} . 59 
2] . 99257) . 98304] . 58 
3 | . 99259) . 98308] . 57 
4] . 99260) . 98311] . 56 
5 | 9. 99262/0. 98315]9. 99095) 55 
6 | .99264| . 98319] . 54 
7 | . 99265] . 98323] . 53 
8 | . 99267] . 98326] . 52 
9 | . 99269) . 98330} . 51 
10 | 9. 99270|0. 98334]9. 50 
11 | . 99272) . 98337] . 49 
12 | .99274| . 98341] . 48 
13 | . 99275] . 98345] . 47 
14 | . 99277) . 98349] . 46 
15 | 9. 99278|0. 983529. 45 
16 | . 99280) . 98356] . 44 
17 | . 99282) . 98360] . 43 
18 | . 99283] . 98363] . 42 
19 | . 99285] . 98367] . 41 
20 | 9. 992870. 983719. 40 
21 | . 99288] . 98374] . 39 
22 | . 99290] . 98378] . 38 
23 | . 99291] . 983892] . 37 
24 | . 99293] . 98385] . 36 
25 | 9. 99295/0. 9838919. 35 
26 | . 99296] . 98393] . 34 
27 | . 99298] . 98396] . 33 
28 | . 99300) . 98400] . 32 
29 | . 99301] . 98404] . 31 
30 | 9. 99303/0. 98407)9. 30 
31 | . 99304] . 98411] . 29 
32 | . 99306) . 98415] . 28 
33 | . 99308) . 98418] . 27 
34 | . 99309) . 98429] . 26 
35 | 9. 99311/0. 98426]9. 25 
36 | . 99312) . 98429] . 24 
37 | . 99314) . 98433] . 23 
38 | . 99316] . 98436] . 22 
39 | . 99317] . 98440] . 21 
40 | 9. 99319|0. 98444)9. 20 
41 | . 99320) . 98447] . 19 
42 | . 99322) . 98451] . 18 
43 | . 99324) . 17 
44 16 
45 15 
46 14 
47 13 
48 12 
49 11 
50 10 
51 9 
52 
53 : 
54 6 
55 
56 : 4 
57 . 99519) . : 3 
58 . 99520} . 98901] . 2 
59 . 99522} . 98904] . . ) 1 
60 99523 99599|0. 99081]9. 0 


192° 


191° 


170° 


TABLE 34 


Haversines 


172° 


173° 


174° 


Log Hav 


Nat. Hav} Log Hav 


Nat. Hav} Log Hav 


9. 99669 


0. 99240/9. 99732 


. 99670) . 
. 99671) . 
. 99672) . 
. 99673) . 


Nat. Hav} Log Hav 


Nat. Hav} Log Hav 


0. 99384]9. 99788 
- 99387) . 99789 
- 99389} . 99790 
. 99391} . 99791 
. 99393] . 99792 


0. 99513}9. 99838 
. 99515] . 99839 
. 99517] . 99839 
. 99519] . 99840 
. 99521] . 99841 


0. 99627}9. 99881 
. 99629] . 99882 
. 99631] . 99882 
. 99633] . 99883 
. 99634] . 99884 


Nat. Hav 


0. 99726 
. 99728 
. 99729 
. 99731 
. 99732 


1455 


parte. PWN © — 


. 996740. 
. 99675] . 
#996070 
. 99678) . 
99679). 


. 996800. 


. 993969. 99793 
. 99398} . 99793 
. 99400} . 99794 
- 99402] . 99795 
. 99405} . 99796 


. 99523]9. 99842 
. 99525) . 99842 
- 99527] . 99843 
. 99529] . 99844 
. 99531] . 99845 


. 99636]9. 99884 
. 99638] . 99885 
. 99640] . 99885 
. 99641] . 99886 
. 99643] . 99887 


. 99734 
. 99735 
. 99737 
. 99738 
. 99740 


. 99681) . 
. 99682) . 
. 99683) . 
. 99684) . 


. 9940719. 99797 
. 99409} . 99798 
. 99411] . 99799 
. 99414] . 99800 
. 99416} . 99800 


. 99533]9. 99845 
. 99535] . 99846 
. 99537] . 99847 
. 99539] . 99848 
. 99541] . 99848 


. 99645)9. 99887 
. 99647] . 99888 
. 99648] . 99889 
. 99650} . 99889 
. 99652] . 99890 


. 99741 
. 99743 
. 99744 
. 99746 
. 99747 


. 99685)0. 
. 99686) . 
. 99687] . 
. 99688) . 
. 99690) . 


. 99418]9. 99801 
. 99420] . 99802 
. 99422] . 99803 
. 99425} . 99804 
. 99427) . 99805 


. 99543]9. 99849 
. 99545] . 99850 
. 99547] . 99851 
. 99549] . 99851 
. 99551] . 99852 


. 99653]9. 99891 
. 99655] . 99891 
. 99657] . 99892 
. 99659] . 99893 
. 99660] . 99893 


. 99748 
. 99750 
. 99751 
- 99753 
. 99754 


. 99691)0. 


. 99692). . 
. 99693) . 
. 99694) . 


| 99752 
99753 
99754 


- 99695) . 


. 9942919. 99805 
. 99431] . 99806 
. 99433] . 99807 
. 99436] . 99808 
. 99438] . 99809 


. 99553]9. 99853 
. 99555] . 99854 
. 99557] . 99854 
- 99559} . 99855 
. 99561} . 99856 


. 99662)9. 99894 
. 99664] . 99894 
. 99665] . 99895 
. 99667] . 99896 
. 99669] . 99896 


. 99756 
. 99757 
. 99759 
. 99760 
. 99761 


40 


39 
38 
37 
36 


. 99696)0. 


mo0O9 Z|: 
. 99698) . 
. 99699) . 


. 99757 
. 99758 
. 99759 
. 99760 


. 99440]9. 99810 
. 99442] . 99811 
. 99444] . 99811 
. 99446] . 99812 
. 99449} . 99813 


. 99563)9. 99857 
. 99565] . 99857 
. 99567) . 99858 
. 99568} . 99859 
. 99570} . 99859 


. 99761 
. 99762 
. 99763 
. 99764 
. 99765 


. 99451)9. 99814 
. 99453} . 99815 
. 99455) . 99815 
. 99457) . 99816 
. 99459} . 99817 


. 99572)9. 99860 
. 99574] . 99861 
. 99576] . 99862 
. 99578] . 99862 
. 99580} . 99863 


. 99670}9. 99897 
. 99672) . 99897 
. 99674] . 99898 
. 99675] . 99899 
. 99677} . 99899 


. 99763 
. 99764 
. 99766 
. 99767 
. 99768 


35 
34 
33 
32 
31 


. 99679}9. 99900 
. 99680] . 99901 
. 99682] . 99901 
. 99684] . 99902 
. 99685} . 99902 


. 99770 
> 99771 
. 99773 
. 99774 
. 99775 


30 
29 
28 
27 


. 99766 
. 99766 
. 99767 
. 99768 
. 99769 


. 99461)9. 99818 
. 99464) . 99819 
. 99466} . 99820 
. 99468] . 99820 
. 99470} . 99821 


. 995829. 99864 
. 99584] . 99864 
. 99585) . 99865 
. 99587] . 99866 
. 99589] . 99867 


. 9968719. 99903 
. 99688} . 99904 
. 99690} . 99904 
. 99692) . 99905 
. 99693} . 99905 


. 99777 
. 99778 
. 99779 
199781 
. 99782 


24 
23 
22 


. 99770 
. 99771 


. 99772 
. 99773 
. 99774 


. 99472]9. 99822 
. 99474) . 99823 
. 99476] . 99824 
. 99478] . 99824 
. 99480] . 99825 


. 9959119. 99867 
. 99593] . 99868 
. 99595} . 99869 
. 99597] . 99869 
. 99598} . 99870 


. 99695}9. 99906 
. 99696] . 99906 
. 99698} . 99907 
. 99700} . 99908 
. 99701} . 99908 


. 99784 
. 99785 
. 99786 
. 99788 
- 99789 


. 99774 
. 99775 
. 99776 
. 99777 
. 99778 


. 99483)9. 99826 
. 99485} . 99827 
. 99487) . 99828 
. 99489] . 99828 
. 99491] . 99829 


. 99600}9. 99871 
. 99602] . 99871 
. 99604] . 99872 
. 99606} . 99873 
. 99608] . 99874 


. 99703}9. 99909 
. 99704] . 99909 
. 99706] . 99910 
. 99708] . 99911 
. 99709} . 99911 


. 99790 
. 99792 
. 99793 
. 99794 
. 99796 


at et 
Nw, 


. 99779 
. 99780 
. 99781 
. 99782 
. 99783 


. 99493)9. 99830 
. 99495) . 99831 
. 99497) . 99832 
. 99499] . 99832 
. 99501] . 99833 


. 99609}9. 99874 
. 99611} . 99875 
. 99613} . 99876 
. 99615} . 99876 
. 99617] . 99877 


. 99711)9. 99912 
. 99712] . 99912 
. 99714) . 99913 
. 99715) . 99913 
. 99717] . 99914 


. 99797 
. 99798 
. 99799 
. 99801 
. 99802 


. 99784 
. 99785 
. 99786 
. 99786 
99787 
99788 


. 99503)9. 99834 
. 99505) . 99835 
. 99507] . 99836 
. 99509} . 99836 
. 99511} . 99837 
0. 99513}9. 99838 


. 99618]9. 99878 
. 99620) . 99878 
. 99622} . 99879 
. 99624) . 99880 
. 99626} . 99880 
0. 99627/9. 99881 


. 99718}9. 99915 
. 99720] . 99915 
. 99722] . 99916 
. 99723] . 99916 
. 99725) . 99917 
0. 99726}9. 99917 


. 99803 
. 99805 
- 99806 
. 99807 
. 99808 
0. 99810 
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187° 
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Haversines 


~ 


Sh Deu ley 
- 99918) . 99811} . 99948] . 99879] . 
. 99918) . 99812] . 99948] . 99880] . 
. 99919} . 99814] . 99948) . 99881] . 
- 99919} . 99815} . 99949) . 99882] . 


9. 99920/0. 99816}9. 99949/0. 99883]9. 
. 99921} . 99817] . 99950) . 99884] . 
. 99921} . 99819] . 99950) . 99885] . 
. 99922) . 99820] . 99951] . 99886] . 
- 99922) . 99821] . 99951] . 99887] . 


9. 99923/0. 99822]9. 99951/0. 99888}9. 
. 99923] . 99823] . 99952] . 99889] . 
. 99924) . 99825] . 99952) . 99890] . 
. 99924) . 99826] . 99953] . 99891] . 
. 99925) . 99827] . 99953] . 99892] . 


9. 99925/0. 99828}9. 99953/0. 99893)9. 
. 99926] . 99829] . 99954) . 99894] . 
. 99926} . 99831] . 99954] . 99895] . 
. 99927} . 99832] . 99954) . 99896] . 
- 99927) . 99833] . 99955) . 99897] . 


9. 99928/0. 998349. 99955/0. 99898}9. 
. 99928) . 99835] . 99956) . 99899] . 
. 99929] . 99837] . 99956} . 99900} . 
. 99929) . 99838] . 99957] . 99900] . 
- 99930} . 99839] . 99957} . 99901] . 


9. 99931/0. 99840]9. 99958/0. 99902)9. 
. 99931) . 99841] . 99958] . 99903] . 
. 99932) . 99842] . 99958] . 99904] . 
- 99932) . 99844] . 99959] . 99905] . 
. 99933] . 99845] . 99959] . 99906] . 


9. 99933]0. 99846]9. 99959/0. 99907)9. 
- 99934) . 99847] . 99960} . 99908] . 
. 99934! . 99848] . 99960] . 99909] . 
- 99935] . 99849] . 99961] . 99909] . 
. 99935) . 99850} . 99961] . 99910] . 


9. 99935|0. 99852]9. 99961/0. 9991119. 
. 99936] . 99853] . 99962] . 99912] . 
. 99936] . 99854] . 99962] . 99913] . 
- 99937) . 99855] . 99963] . 99914] . 
- 99937] . 99856] . 99963] . 99915] . 


9. 99938]0. 99857]9. 99963/0. 99915]9. 
. 99938] . 99858] . 99964] . 99916] . 
. 99939) . 99859] . 99964] . 99917] . 
. 99939] . 99860} . 99964] . 99918] . 
- 99940} . 99861] . 99965] . 99919] . 


- 99940/0. 99863]9. 99965|0. 99920]9. 
- 99941) . 99864] . 99965] . 99920] . 
. 99941] . 99865] . 99966] . 99921] . 
- 99942) . 99866] . 99966] . 99929] . 
- 99942) . 99867] . 99966] . 99923] . 


9. 99943)0. 99868]9. 99967/0. 99924]9. 
. 99943) . 99869] . 99967] . 99924] . 
- 99943] . 99870] . 99968] . 99925] . 
- 99944! . 99871] . 99968] . 99926] . 
- 99944! . 99872] . 99968] . 99927] . 


. 99945/0. 99873]9. 99969]0. 99928]9. 
. 99945) . 99874] . 99969] . 99928} . 
. 99946] . 99875] . 99969] . 99929] . 
. 99946) . 99876] . 99970} . 99930] . 
. 99947) . 99877] . 99970] . 99931] . 
9. 99947|0. 99878]9. 99970]0. 99931]9. 
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AStrace: defined====—=— SUSI see 912 
OM OTAN*SCOPe= ee ne ee ee Oh 335 


“A, B, C Method’, of Waller____----- 530-531 
“4, B, C” Tables for Azimuth, Great Circle 
Sailing, and Reduction to the Meridian; 


of=Blackburnes 225 4s ee 570 
Abandoning ship2 2.42. 22k 2222-2 he 647-649 
JNGO10) REN ALON AO: a oe ne eee 903-906 

on charts, omission of period__-____-_-- 115 

use of in chart construction_-______--__- 894 
A beam defined =e 200Us= =. JeeO Me. ero 909 
Aberration, causes of__-_-------------- 369 

ete eammemenen ee yar Ate 2) Seen ee 909 

MISCO VErYEOL sae een ae tS ee 39 
Abney type hand level__-_-------------- 842 
Abraham as astronomer__-------------- 34 
Abscissa, defined = 228200 22 L022 8 909, 1031 
Absolute accuracy, defined __-_--------- 1006 
Absolute humidity, defined ___-------- 778, 909 
Assolite movion™= = == ss => soe. 2) tl Sek 351 

(See also Motion(s)) 

Absolute precision, defined _-_----_------ 1006 


Absolute temperature, defined - - ------ 775-776 


Absolute value, defined-----_-_---------- 1005 
Absolute zero, on Celsius and Fahrenheit 
BCAleseee eee ae are See 959 
Genncdseenee ne aoe e eS ee 775, 909 
Accelerating anode--------_----------- 302 
Acceleration error, altitude correction for. 428 
OMBEXUAD Cee tee nee ee 417 
Accuracy, absolute, defined_------------ 1006 
Olechartsee seen eee: a 104-106 
BSTC bape ere eee 679, 1006 
TeLALIVeNCCUHeGee ee = ee 1006 
Acknowledgments_._-------_--_------- 7 
Acimiciinescenineds 2. .--.— --=—---— — = 909 
Acoustic navigation, defined --- --------- 909 
Acute angle, defined____------------ 909, 1020 
Acute triangle, defined_--------------- 1022 
Adcock anvennie se. oe a 307 


Addison, Thomas; Arithmetical Navigation of- 34 


Addition, of algebraic expressions_-------- 1018 
arithmetic and algebraic, defined - - - - -- 1008 
of numbers, explained _--------------- 1007 

Adjacent angles, defined__-------------- 1021 

Advance, allowance for_____---------- 276-278 
course of, defined__________----- 66, 218, 919 
Gelnned see see ee See. SS 277, 909 
speed of, defined __-_-_---_--.---------- 948 

Aavection detined#- 22.2 s_. 2. 42h 909 

Wa VectionilOg=sss) ——_- = =. ae en lsaeele 807 

Aepinus, Francis; electricity vs. magne- 
tistia Ser ees cetyl fel 58 

Aerial and Marine Navigation Tables, of 
Canpric eee eee ee etre 535 

Aerodrome, alternate, in air navigation_-_ 676 
closed defined #2425 sah eo set = os 670 

INCTOSTA Dee eee eee oot te oo 787 

Weromletecoroprapire fo = eee 787 


Aeronautical chart (see Chart(s)) 
Aeronautical Chart and Information Cen- 

ter, publications of__-_-------- 94, 100, 1003 
Ageton, Arthur A.; sight reduction tables 

of 57, 536, 538 
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Agonic line, defined__-_-_--------- 116, 162, 909 
Aground, defined2. 2. .— 25-5 eee eee 909 


Aguihasicurrentss-2 2.2. 22 See te 725 
Ahead; defined2{*- == SUS ste. lees 909 
Aid(s) to navigation, changes of, charts 
Corrected forme 6 cece sea ciee ee ee 105 
Daily Memorandum on------------ 99, 117 
Notice to Mariners on_------------ 99, 117 
chartisyimbolsiforsass eee se - eee 111-113 
illustrated eee. ee ee 983-998 
(See also Chart symbol(s) ) 
defined Seas. Maree OEM EE ths fBeerre ss 259, 909 
descriptions of, in light lists____..----- 97 
in sailing directionss22_ 45222 222 28-2 97 
History Ofes eee coe oo ee ae 28 
in’ hydrographic survey_------e2-2-——— 861 
installation and maintenance of - ------ 261 
IMyPOlAT LORIONS se Ses oe ee eee 630 
types of, described_-_-.--.---s=_--- 259-267 
(See also Buoy(s), Buoyage systems, 
Light(s)) 

Air, supersaturated _-_-__---------------- 778 
temperature measurement- ----------- 776 
(See also Atmosphere) 

Air almanac, defined------------------- 909 

Air Almanac, of Weems---------------- 52 

Air Almanac, American- --------------- 52-53 

Air Almanac, The; altitude correction 

tablesiinm@esss= oe. oe Se eee ee 439 
astrograph setting by ---------------- 468 
declination by, of moon--------------- 470 

ofsplane tasaee see a ae eee ae 470 

Ofistarse =i @ fends soot = 471 

OWSUN 2 eee sae eee =e eee 469 
deseriptioniofs 32.0--2-- s2-=—=)—-— — 466, 467 
ecliptic diagram in_.--------------- 479, 586 
extension of, to following year - - - ----- 479 

tomlatersyearser sae = =~ aseeae 653 

(See also Long-term Almanac) 
extracts fromeee eo) se) eee ae 1152-1159 
hour angle by, of moon- ------------- 470 

Ofeplaneteee) senso a ee = 470 

Of stan - See esa eed® oe = 471 

OL sun ee ee eee. = ae 469 
publication of---=--~-------=s--------- 98 
risings, settings, twilights by-------- 472-478 

in polar regions- - --------------- 639-642 
sky diagrams in--------------------- 591 

Air mass, defined _--------------------- 909 
iypediof Bel 5- 2. enemas FPe 800 

Air navigation, by celestial bodies - - --- - - 675 
charts and publications for------------ 670 
computers for----------------------- 672 
by dead reckoning- ---------------- 671-674 
DECOR ees a eR Ors Bee 675 
Gefined Sere ie sae. ae create See 62, 909 
GiIbecbiona nee se a eee eee ee a 
electronics ins 4) eee see See eee ene 59, 675 

(See also Electronic navigation) 
flight planning-- -------------------- _ 
Dyipiloting meee nen. eee eee eee aa 

yp g 675 


pressure pattern_-------------------- 
principles of -- -- - ----------------- 670-676 
(See also Doppler navigation, Inertial 
navigation, Navigation) 
Air Navigation (Air Force Manual 51-40). 671 
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Air Navigation (H.O. Pub. No. 216)___ 418,671 Altitude—Continued 
Air plot, defined ==. es =o eee 67 computed defined a=.) 45a === aera 421, 918 
Airs position, defined 22s 4-— = =a ee 672 Use’ of see sek 3. 35 2 450 
Airspeed defined see ==-e=24a5e5=—5—= 672 of:cone; defined scjqaenew aioe 1027 
measurementjiOls ee = s=. eee ee 673 correctionssto-— = 4-—- - ee 421-446 
Air temperature, altitude correction for, air almanac tableg== 3225-2) =e 439 
defined tee fos = ae reece eee ee 432, 909 nautical almanac tables___________-_ 438 
tabler23.... tot Wasi her Bie ee teed 1280 (See also Sextant altitude correction(s)) 
explanations ote == =e=ey eee 1192 ofseylinders defined 452 6—25—2 aes 1026 
(See also Sextant altitude correction(s)) defined#iA 20), DONE boeu Te Bune # 910 
Air Weather Service, mission of_________ 787 determination of, graphical methods____ 555— 
Aircraft,<defined 222 _— SeUs SE. waa Lk. 670 558 
Aircraft, compasses. 22-- 225) Leena 672 by map projection___________- 83, 560-561 
Airman’s guides, manuals______________ 671 mechanical methods_-__-_________ 558-560 
Airports, shown on charts______________ 114 (See also Sight reduction) 
Airway. Geeet). Oriol. Shase ” eadmeks,. 674 direction of measurement_____________ 387 
Airy "George... 0 2 en alia el UE ON, 24 equal, circle of, defined________.______ 916 
Alabaster, R. C.; sight reduction method US? Ofe.24 54> 2d -ebit seks KRM 449-450 
OflTt HO. Me SOE stnAmned 6 545 definedie. 40) )_ _aannc! apnea see 924 
Alaskajourrents Soc 22. 2 beers 724 exmeridian i222 3=. 250.2 sea 518 
Albatross, oceanographic expeditions of... 692 MUISCOLY OL «ne ena eee 43 
Alessio, A.; azimuth diagram of_________ 572 high, sight reduetion: 3. -—- sa. ee 513-514 
Aleutian current 2s jeiinge Nee ee ieee 724 low, Corrections £0 s.< som uence’ 442-445 
Alexander IV, prime meridian of ________ 48 sightireduction= 2-— 25> =) oases 511-513 
"Al fonsine, Tables. ne 2 ie epee 36, 51 use of sextant for_.--- 3. depeq—ee 442-445 
Algae in sea water____________________._ 699 measurement of, in lifeboat_________ 654-657 
Algebra, defined 2s#easenlnpe Baa ee ten 1017 meridian, defined=45_- 9-25. sees 936 
principlesiof2. =. + 5, meni 1017-1020 near meridian transit, table 30____ 1308-1311 
Alidadéewdefined=--.2) . - haaiengh a 153, 909 explanation of —.24 5552s eee 1195 
Alignment, of electronic circuit, defined__ 909 negative, of celestial body____________ 387 
Almagest, of Ptolemy_________ 26, 36, 38, 48, 51 observed, defined_____________- 421, 450, 938 
Almanac(s), contents of________________ 98 parallaxcin 22) pon ae Sees 435, 939 
defined2 2s sehen Wee 909 parallel of} defined!2_ ss _ eee 385, 939 
early American==see. Jaume. ae pee 52 precomputed 92-5 __ USRea. seer 510, 940 
first. oficial®: eee 2 Vee eels 52 on prime vertical circle, table 25____ 1282-1285 
historyof£ 2 Saeare, ein Gone 51 explanationjofes 445. = eee 1193 
ong-terin ?. Sia tte “Puget 1160-1164 ofgprism adefined =e24_ 442s ee eee 1025 
risings, settings, twilights by________ 472-478 of pyramid, defined_.________________ 1026 
avmoving Crafteee see _ ae 478 rate ofjchangelotees --aa-50h ene 551-554 
Se: Of beeen mle. ee. oat 468-479 rectined wdefined aa. oes. aan eee 437, 943 
(See also Air Almanac, The; American sextant, defined == 52) == kee 402, 421, 946 
Air Almanac; American Ephemeris tabulated, defined? =... --__ St 949 
and Nautical Almanac, The; Ameri- of triangle, defined. _ __-_ °- > = 1022 
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Almanac, Altitude and Azimuth; of Japan- Hydrographic Office.________________ 541 
ese Hydrographic Office______________ 541 Altitude and Azimuth Tables, of Aquino__ 537 
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Mint . bees navigation _ pee aie Altitude difference, defined_______ 421, 450, 910 
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defined diet nest miles 009 gna tae 450, 528, 944 
: eet istorical.. 32-688 Sea _ Ronnie 5 
ene and group flashing light, 910 Altitude factor, discussed____.._________ 518 
Alternating flashing light, defined_______ 910 table 29__ SP DSS aes = +S Se See Eeery 1298-1307 
Alternating group flashing light, defined-_ 910 Ale explanation of_..--+-.>.-<3ah@ell 1195 
Alternating group occulting light, defined_ 910 nines muvetCers; defined a an: 451, 528, 910 
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Alternating occulting light, defined... __. 910 Altitude intercept method of Marcq St.- 
Altimeter, absolute, described.__._______ 673 tou aati aoa ee Re hs 
barometric, described________._____ 673, 769 historical __ _._____ ve £0 QR Seu Soe 56 
Altitude, apparent, defined.......221_ onl Altitude or Position Line Tables, of Ball... 529 
approximate, defined________________ 911 Altitude Tables for Mariners and Aviators, 
calculated, defined__..._____._ 915 of Tillmattes: ox =< oe - = 200 R ees 539 
of celestial body, defined___..._______ 385 ~ Altocumulus....\ 07 - "| / 9) Stade aby 781, 910 
(See also Sextant altitude) Altostratuszou. -- 2-98 2285-7 teow 782, 910 


INDEX 1459 


Page 

AM (ante meridian), when used__________ 483 

Ambiguity of loop antenna_____________ 305 

American Air Almanac, combining of with 
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publishing. off firstSas2 ale 52 
(See also Air Almanac, The) 

American Ephemeris and Nautical Alma- 

mac, The-yhistonealiwes_ojtabiet yep 52 
publication and contents of__________ 98, 466 
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correction tables in__-____________-_- 438 
combining of with British____________ 53 
declination by, of moon_-__-_-__-___-- 470 

ofplanet Breer. Sehew, _ lo. aanask 470 

Olistanie Oreste: Beoppeyinite felis oF, 471 
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e 

American Practical Navigator (H.O. Pub. 
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Origin Of se Seth. OEY awe (erse Ae 6 
TEvasion Ole teeing JeainsigateA. abe - 6 
(See also New American Practical Navi- 

ger? The; New Practical Navigator, 
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Bowditch, first edition of___---------- 4 

American Practical Navigator, The New; 
of Bowditch (see New American Prac- 
tical Navigator, The) 

Amphibious operations_------------ -. 7387-741 
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horizon, table:28.....26)2eet 1297 
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Anemometer? St 220 Lec asainal antes 769, 910 
Aneroid barometer, defined_____________ 910 

@escribed<t.43.-2_ a -andi bendable 765 

precision. typeso=:-seuus.. 10 weet. Sale 766 

(See also Barometer) 

Angle(s), acute, defined_______________- 909 
adjacent;,defined__________34_28u2292 1021 
definedAe ef. stil _Ch H)salid? Aue 911, 1020 
kinds and properties of_______-__-- 1020-1022 
small sine of. ly and.17. essae: 22820 959 
units of measurement_-___-__--------- 1031 

Angulardistance....2- 2k Gee Een 911 

Angular length, of arc, defined__________ 1031 

Angular measure... oiels me seve 1031 

Aimealy defineda =... 3 io: 2 same 9 iil 

Ammularuderined coe re 911 

Annular eclipse, defined_________-_-_-- 380, 911 

Anodeyidefined.2-__ _aeuelinizies Jassie 911 

Anomalistictyearl assess. sass _ bs Sues 370 

DeNeVetC) anh VI SEPT 6} Cl ee Se SE ee 24 

Antarctic, features of __-__--__---_------ 613 

Antarctic circle... _ ot Bee 373 

Antarctica, Sailing Directions (H.O. Pub. 

INO, 2,0) rye ee etate a Ee EE 753 
Ante meridian, defined2_.__-_._-_ 4-5-0911 
Antenna vA dcock oe 307 

characteristics of 25. 22 .s2U2220L 5 se2e 297 

CrOsseGtloOpe eae eee eee 305 

Gehman RR, 911 

directional, discovery of____---------- 58 

loop, direction measurement by - - - - - 304-306 

recelvingaawes | WY -upaisniey 8 _Eeak 301 

SCNSC See A ee ieee Conc eeeee 305, 945 

transmitting «=. < 22 2S 238 Se 301 
Antenna array, defined___--_----------- 911 
Anthelions-o8tGak: 2c o1be Lh pepsee ee 811 
Anticrepuscular rays__----------------- 812 
Anticyclone: defined: 2 805, 911 
Antilogarithm, defined -------------- 911, 1013 
Antiselene’= =<; Dantiab. neuer ornate 811 
Aperiodic compass, defined _ -_-~-------- 911 
Apex, ‘of cone; definedsei tite. 2205222. 1027 

of pyramidsdefined22t 22% 484 190223 = 1026 
Aphelionytdefineds.._. =... ---<s2eeer2 355, 911 

earthvateqe. ence HT SRI he 371 
Apogeanicurrent......=-==-.{0220254-08 714 
Apogean: tides: 22<= ft UU: 2-22 Re 706, 911 
Apogee defined. ...=..-=-SeuLisuaeee 355, 911 

moon’s distance, at..2282202 -Soluseg 362 
Apollonius of Perga, epicycle proposal of - 36 

invention of astrolabe by------------- 40 
Apparent altitude, defined__------------ 911 
Apparent horizon, defined ___--_---------- 911 

(See also Visible horizon) 

Apparent motion (see Motion(s)) 

Apparentjsolar day-_..--.-------------+ 353 

Apparent solar time. _ ~22-=_-+ -4-— 374, 482 

PAT DALCMU) SUT eee oe 374, 495 
Gefined sae eer ee Se eee 911 

Apparent time, defined_____------ 374, 482, 911 
HUG gee a se as OS eae se 495 
Greenwich, defined. .-...--~------~=- 928 
localadefined_.._.._... OU Seu Fee 933 
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Apparent wind, defined_-___---------- 770,911  Astrograph-time Star Tables for Air Navi- 
Approximate altitude, defined___________ 911 gation, of Ashton__. 2202098. 008! le ee 545 
Apsides, line of ime _-.. 2) .2.2 <2 Se 355 Astrolabe, defined________------------- 912 
Aquino, Radler de; sight reduction tables inventioniof ancient. —-=----2s5--0222 40 

Of ee A eee ee 57, 537 pendulumi.s...........___._._ JS ee 838 
Arabia, early observatories of___________ 48 prismaticétics 8s. sures wR eeie 837 
Arabian mil (mille), origin of___________ 26 surveying» aluazime. hom aveueiarl gem 837 
Are, ‘defined’ =-0 2.2 Bedinh out 911, 1024 use of in geodetic control survey - - - --- 850 

excess of, defined_____-______________ 924 Astrologyéc. 24iuste jisetoes Sue OAS 374 

major and minor, defined_____________ 1024 Astro-Navigation Tables for the Common 

ofisextantusorssaubees tees WE ee 400 Tangent Method, of Benest and Timber- 

Uinitsio fenton 2 A a ee 1031 lake 222242002. S te Ae 35 goes 536 
conversion factors______----------- 959 Astronomical day, defined_------------- 483 
conversion to time units__________ 484-486 significancerofit ise)... 2 eee 374 

of visibility, defined_________________ 911 use of in old almanacs______________- 52 
Arcano del Mare, of Dudley___________- 34 Astronomical distance, units of___-__-_-- 351-353 
Archimedes, celestial and terrestrial globes Astronomical latitude and longitude, de- 

Sj a Sa a ae ee ee 36 finediof.2 9 22 81, 912 
Aretic, features of... owe 612 and deflection of the vertical__________ 427 
Arctic Azimuth Tables (H.O. Pub. No. 66)-- 569 Astronomical Navigation Tables (British 
Arcticlcircle..o-.6.,.88 saeagese Jose 373 Air Pub. 1618) (H.O. Pub. No. 218), 

Arctic Ocean, features of______________- 613 description iofaeemtA .cisst-eud.) sales 98, 540 
Arctic sea smoke... ._. sesiryuved Jo_ 808 Astronomical observatories _____------_-- 48-51 
Arcturus, proper motion of____________- 370 Astronomical position, defined __-_-____- 427, 912 
Area, units of 2... pate _2<2 Ye ianal » 954 Astronomical refraction, defined___-_-- 430, 912 
Argo Navis, of Ptolemy_______________- 974n Astronomical tide, defined______________ 912 
Argument, defined_____________________ 911 Astronomical triangle, defined_________ 393, 912 


ofstables: 4-22 aos a5 oo 1045 
Aries, first point of _________- 373, 471-472, 925 
Aries, zodiacal constellation_________- 373, 374 
Aristarchus of Samos, heliocentric theory 


Ol se ante ee ae eS 36 
Aristotle, lunar eclipse studies of ________ 36 
twelve winds of_____.__________2___- 23 
Aristyllusie: <2, 2 saps eeeks nate at 37 
Arithmetic, defined._.______...._.______ 1005 
mentalii=5 22, Sees. pea 1016 
principles of 522.242 a. 4 ee 1005-1016 
Arithmetical Navigation, of Addison______ 34 
arm, defined 2222-5...) 30-0. - eee 911 
Armco, defineds 94. 3-2 .<2 2 ee ie 911 
Armillary sphere, origin of______________ 48 
Armingiof lead 24 teas pam Ahi 132, 911 


Arnold, John; development of chronom- 

CLG Rae Nene Fie my a ee oe ee 47 
Arrival, point of, defined_______________ 
Arrival time, estimated, in air navigation_ 
Arte de Navegar, of Pedro de Medina_____ 32 


Artificial horizon, altitude corrections for_ 437 
defined] 2226-4; . seeps aaak 911 
description and use of______________ 415-416 

Artificial horizon sextant, defined________ 911 
(See also Sextant) 

Ashley, Anthony; translation of _________ 22 

Ashton, Philip; sight reduction tables of._ 545 

Asianscharts <2. 3's Roe 19 

Assumed latitude, defined_____________. 912 
(See also Latitude) 

Assumed longitude, defined_____________ 912 
(See also Longitude) 

Assumed position, defined____._________ 912 
in navigational triangle______________ 393 
in sight reduction. 92. sees os 450, 502 
use of pole ias.2.2 - Bees zeke PIL, 32 638 
(See also Navigational triangle, Sight 

reduction) 

Astern; defined 22:52 ae, 55) Saran Oy 912 

Asteroids 1.282" eg 2h ct 353 

Astro (astral) (see Star(s)) 

AStrO compass. -. ers eee ee 626 

Astrograph, principles of_______________ 562 
setting of by The Air Almanac________ 468 


Astronomical twilight, defined__-_____- 368, 912 


Astronomical unit, conversion factors for. 955 
defined & 34-_eaieets! Sovte 2 = Nae 1, 912 
Astronomical year____________________- 370 
significance .of__._-_.. “=... S=aset sae 374 
Astronomy, defined -:_-- 22a2 220 ).22e_L- 351 
historytoftraartA s2f ft _ sameed.). 51h oe 34-39 
nautical, defined_________________- 351, 937 
navigationalees wits. has _ are 351-397 
defined GAs 2 by 351, 937 
radio, beginnings of__________________ 39 
defined ai). .lo. .velipish 942 
determination of position by_______-_ 60 


units of measurement--_--_-_ 351-352, 953-954 
(See also Astronomical observatories, 
Celestial navigation) 


‘“‘Astro-Scales’”’, of Anderson___________- 545 
Asymptote of hyperbola, defined ________ 1029 
Atherton, J. W.; azimuth and great-circle 
tables*Ofee eee Spee = eee 569 
Allaniic Ne pute ==. = eee 22 
Atlantic Ocean, currents in___________ 719-723 
Ce 1 PY an AY Bs ee emerge ar Thy ee) 753-755 
International Ice Patrol______________ 757 
IANGATOUCES EID. Ses cee Ba ee 755 
Atlantic Oceanographic Group, Canada_.__ 692 


Atlas, of Ortelius#es 2c</ ist salen Be. Dede 21 


Atmosphere, circulation of____________ 794-800 
modifications in¥2 222 22. _ks Shia 799 
constituents, Of -..246_ 20) eee 2 959 
clits co eis Wee rer ee 912 
OL CAT Re ye eras, ere 358-360, 793 
electrical effects in-_ 22. Sheaeus Sears 812 
jetrstream. in 3s. 3.5 114 
layers,of .-4—..3--.._ 2. See 360 
of Moon... Ea a Se 363 
pressure of, altitude correction for_____ 432 
tables24.7 jo 5 4s 2 1281 
explanation of________________ 1193 

effect of upon refraction____________ 432 
measurement of____.-______) 558s 765-769 
semipermanent highs and lows______ 799 
standard... Suna ae Sa ein 959 
units of measurement______________ 765 
pressure gradient of 2222". Saunas en 797 
standard, structure of________________ 794 
supersaturation of___________________ 778 
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Atmosphere—Continued 
temperature of, altitude correction for, 


table 23° iiss Get) lis unit) teces og ies 1280 
explanationjote sts a5 === 1192 
effect of upon refraction_______-___-- 432 
measurement, of = ees fas So 775-778 
upper air observations- -_-_-_-_-______- 785 
(See also Ionosphere, Refraction, 
Weather) 
Atmospheric absorption, defined________-_ 912 
Atmospheric electricity, types of__-___- 812-813 
Atmospheric noise, defined ---____---__-- 912 

AG AC Oe eeren ee os ee eee eee 297 
Atmospheric pressure, defined__-_--_-----_- 912 
Atmospheric pressure correction, defined_ 912 
Atmospheric refraction, defined -_____-_-_- 912 
Atmospherics, in radio_-_-_.--+-+----s- 297 
Atom! defined 2 200 y Aire yaya ee is sie heesie 1s 289 

ROT ZAGIONOL= ot a 5 4 = Ae rln ed Been 293 
Atomic clockBatiscect= 2s) beteces feels = 375 
Attenuation, defined__----------£2-=2.- 912 

OlsCAGIOLW AVES a5 5 55 a eee 296 
Audio frequency, defined___---------- 291, 912 
Augmentation, altitude correction for____ 434 

Mee eee aes 2 ee SE & <n = os eee 912 

OfMOOn 28s. 2. Se ne ee oe es 363 
Auralmnull) defined. 22222222 225 23325 5 912 
I NRO Saad Sk, so oe a 811 
INTRO. 5 ae SERRE SS eae SRR 356, 813 

(USES Ot. ae Se SS See eee 633 

COTTEt ke astern See See eee 912 

VAP NETO) mes peeerteae heen serena ieee ES 162, 633 
AUITOra HUStralise= toe 614, 633 

Menned a4 ae ee eee See ee see 912 
IAMILOrarDOrenlis ets as ee 2 614, 633 

MeHNeU eee eee 22 22 5=s 555-2. Noes 
RECHT IE Z OTIC aie ere ee eee A te 162, 633 

ene Reema ee ae Sete Aas 2 Sen ns = SANS 
Australia current, east____------------- 724 
Australia current, west__-_----_-_------ 725 
Automatic celestial navigation, defined_-- 913 

DENCH OL Mees eee = ae 566 
Automatic dead reckoning, systems for, in 

AITNAVA PAULO eee 22 a ee a tees 673 
Automatic dead reckoning equipment, 

Chart’ projectionrfor.-- 24s" 08-2 _ Te 88 
Automatic radio direction finder, defined _ 913 
ATItUnIne (SEASON) en tens sas ee eee 371 
Autumnal equinox, defined----------- 913 
Aviation Agency, Federal, publications 

Qienepe: Hee see 94, 671, 1004 
J NS EST Opp LOTTE pa ea ee 913 
Axis, of cone, defined ------------------ 1027 

of coordinate systems-- -------------- 1031 

of cylinder, defined-_---_------------ 1026 

Oliv yVTOsCOPemeene = =e sa aan aaa 141 

(See also Gyroscope) 

Oty DervOlateeees =n) sen ene ene eo 1028 

major and minor, of ellipse - - - - - - ----- 1027 

Of parabola__¢-- -_ 22-72 2 e-S- 1028 

polar, of earth: <-=< <5. <=> - 2 - 63 

precession of earth’s--- -------------- 373 

of prism, defined==22- ===" _=-- == - =~ — 1025 

of pyramid, defined-— ===") > ---2-_-2_ = 1026 

OiuTotation Oearina= see ee— ee a 63 
Azimutdiagramme, of German Navy------ 572 
Azimuth, altitude azimuth, defined - -- --- 910 

formulatorse eee eet ae es Po ee 567 

compass azimuth, defined _ - - - - - - ----- 918 

detined: ss) 0) eee er nee a nee = 385, 913 

determination of- 2. = =Se0250_222t4 567-572 

altitude azimuth method_ ---------- 567 
time and altitude azimuth method... 567 
time azimuth method_-_------------ 567 
work forms for_-_-------------- 1056-1057 
effect of upon refraction--_------------ 432 


grid azimuth, defined -_ --------------- 928 
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aplaceswdefined seamen see 853 
MACMELIC CULVE Olas= sa eee ae 197-199 

defined’: 55: (cnet ty Ty wae eye el 935 
relative, defined =~ {29 ) / 0 = 5 > erpres’ aire 943 
time azimuth, defined_______________- 950 

formulas for: -sawadetee te Wee 567 
time and altitude azimuth, defined_____ 950 

formulas) for. See ae 567 
true, defined... See 951 
Work 1orm¢ [OL 2-  ee 1056-1057 

Azimuth and Hour Angle for Latitude and 
Declination, of Shortrede_________---- 569 

Azimuth angle, defined___-_---------- 385, 913 
determination of, graphical methods- 555-558 

by map projection___------------- 560-561 

mechanical methods- ------------ 558-560 

(See also Sight reduction) 
measurement of____=+-------------+- 385-386 

Azimuth bar, defined 22-222 22-— 22-2 = 913 
Azimuth by Logs, of Purey-Cust-_-------- 571 
Azimuth circle, defined__--------------- 913 
description and errors of - - - -- -------- 140 
Azimuth diagram, of Alessio_-_---------- 572 
ofiConetan. 25.24 eee kee 2 ae 572 
GfaCOTNG UE ee tee ee 572 
OLGenimnane NGVY a. see ee ee 572 
OleGoutreye ee ee 572 
OfMenSenretil] tae eee 572 
OfsHugontees 2a eee 572 
Of Molfinoste 96 en ee a 572 
GteROMAanOVSKY ore she nee eee 572 
OLARUstee Deee ners Se eee ee 572 
OfaWieiree mo see Wh: Nese eee 572 
Azimuth Diagram, of Weir-_------------- 572 
Azimuthiinstruments.-----— =~. == 140, 913 
Azimuth table(s), of Atherton and Tow- 

SOnSee eee oee Sa Seer eee 569 
OfeBlack DUINC 22 222 a eS 570 
“Blue Azimuth Tables’’, defined __--__ -- 914 
Oi BUTRWOOG Se ne 9 a ee 569 
pf Cagle 2 pens ase aso ee 571 
of Davis, John E_-_-_---------------- 569 
of Davis, Perey L. H--------------- 569, 571 
OL Decanter ee see eee 569 
defined eee ee ee eee 913 
Ol Eh bsenee en eee ee eee ee 570 
Or COO Wile ste net ee ee ae ee 571 


H.O. Pub. No. 66(Arctic Azimuth Tables).- 569 
H.O. Pub. No. 260 (Azimuths of the 


SUT eee ee re ae 97, 569 
extracts froms 222. ose cct sees 1165-1167 
H.O. Pub. No. 261 (Azimuths of 
Celestial Bodies) .--------------- 98, 571 
extracts frOM ees oe =ae= toeene 1168-1169 
of JobnSsOn.. « 2 eee - - Bei nae 570 
DiAKROMazZivto-- Shsse aes = See 569 
Of Labrosse..-.-22-=2------=--- See 569 
of Lecky-...------------------"n>7 570 
of Lynn... 2. - ee. --------------35 524, 569 
ot Perrin. oe =— see See eS 569 
of Purey-Cust_-_-------------------- 571 
“Red Azimuth Tables’’, defined - ----- - 943 
of Schroeder... -------------------- 569 
of Shortredes ss -- --- =~ - = 569 
of Southerland. -_------------------- 569 
of Symonds--.--------------------7- 571 
Table 902, Azimuts (French) ---------- 572 
of Towson and Atherton- - ----------- 569 
of Wainwright -_--------------------- 569 
of Wakeley _-----------------=------ 568 
of Yustchenko- - -------------------- 571 
of Zhdanko_.--------------------=-- 571 


Azimuthal projections (see Projection(s)) 
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Now261) 22829. ees Jeioh. 2s 98, 571 
aati {TOM Sa eee 1168-1169 
Azimuths of the Sun (H.O. Pub. No. 260) 97, 569 
extracts from_—____.____» __. 7a 1165-1167 
Azimut-Tabellen, of Ebsen___.__-_-____- 570 
Azimuty Svetil, of Yustchenko__________ 571 
Bitracey defined sas... ee 915 
of loran SCOpes=so asses. DOT. 335 
Babel, Tower. of. = St STO 15 
Babylon, early astronomical studies in___ 34 
Babylonians, early maps and voyages-____ 35 
Back, wind direction change, defined__ 805, 913 
Back’ sight, altitude corrections for__-_-_-__ 445 
defined. Sima2 ot Fer aes Fant ee ga 445, 913 
method of taking. 22. poste foe 404 
Backrush, of waves____.._.-.___---____- 738 
Backstaff (sea quadrant), invention of__ 41 
Backstays of the sun___________________ 812 
Backwash, of waves___________________ 738 
Baguioltepear asters Se eee 820 
BailyisiBeadsees = 555 sso ere ee ee 379 
BainyAlexanders S3-eeer oe ee ee 25 


Baker, T. Y.; sight reduction method of__ Fea 
“Baker Navigating Machine!) =o seen 
Ball, Frederick; sight reduction tables of_ 57, 520 
Ball recording sextant.--5-.:.e" naane 


Ballistic, floating, of gyro compass_______ 150 
mercury, of gyro compass____________ 143 
Ballistic damping error, defined_________ 913 
Ofeeyrorcomipass] === oso eee ee 148 
Ballistic deflection error, defined_____.____ 913 
offgyrorcompass-—. 0-5 ee 149 
Bandwidth, defined____________________ 913 
Bar, of tropical Cy.ClONG 2. = crete 825 
Baruscale defined: pre) ss ee eee oe 913 
Barlow, Peter. + Sorin 10 ORM au 23 
Barnard’s: Staresceeas 926 REANh Shan 370 
Barographstt.s>=2222222==52<.- 2m 766, 913 
Barometer, adjustment of______________ 768 
ANEeTOIG «defined aes sara = eae ee ee 910 
correction for gravity, table 12________ 1262 
explanation ofa = sass ee eee 1189 
correction for height, table 11_________ 1262 
explanation Of Seas == staan eee 1188 
correction for temperature, table 13____ 1263 
explanation! off=2" Se. sen meee 1189 
defined Sister i i= es neta 913 
CEL OLSOles oom as cake ae te 768-769 
height determination by_-_-___________ 769 
interveying -eey ets Meena 9 SIU 859 
Inventionsoieeemt= = a2. Vee Meee nle ene 766 
merourial "defined= "= s" 2. G0) ji 936 
errors of P= 2. Gao ni ioal 768-769 
invention and construction of_____ 765-766 
precision aneroid____--.....---)0202. 766 
pUMping “Ofs== 2222 22-=----- =, eee 766 
defined ®i2 = 252 22 ets. 2a SROOTS 941 
in tropical cyclone_____.___________ 825 
LY Des Ola ies SN OY 765 
Barometric pressure, defined____________ 913 
(See also Atmosphere) 
Barometric tendency, defined___________ 913 
IBAITIONICG2. 4.2. ee 750 
Base, of cone, defined... ___-_ 4 -at.nde.. 1027 
of_eylinder, defined... .... ap eee 1026 
of polygon, defined? SS eee 1023 
of pyramid, defined__________________ 1026 
Base line, defined_____-_______2 2 222. 913 
of hyperbolic system®?:..2.. drbeingial 310 
of survey, accuracy of. 2212.2. -Jagat 853 
Base line delay, defined________________ 914 
OLLOraAnm Syeeh hire ee 337 
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Base line extension, defined_____-----_-- 914 

of hyperbolic system___-_------------ 310 
Basic pulse repetition rate, defined - - - -__ 914 

offloran sa. 24 32554... Soltenelaee: * 334 
Basin; of.ocean........ Solinssi=: sie 1a Jae « 700 
Bathymetric chart, defined___-__-__-_-___ 914 
Bathymetric survey, procedure for_______ 865 
Bathythermograph, defined___-------__ 696, 914 
Bathythermograph Observations (H.O. Pub. 

No. 606-¢)2c2uhanaeb. seldoheu teatiedy 96 
Bayer, John; star names of_____-_-_____ 576 
Bayer’s name, almanac listing of_______- 467 

defineduass Med. Se e048. 45 914 

Of starszeecs..... ohh. os tseruy arya 575 
Beach, effect of upon waves____________- 737 

rolling resistance of____-__-_-_-__-___- 740 

trafiicability off24.. 24 baa eae 740 
Beach survey, procedure for___________- 864 
Beaching of lifeboat___-_-_-.___22ueic 662 
Beacon, chart symbol for, described _ ____ 111 

illustratedl 222 32. 2sennsh. es 993 

day; defined#...5.2-.,- 5978 oh 259 

defined fons wiaess ase Pasleh. vonelin 259, 914 

fadar,.definedssieusoo tines ils. ooltels 942 

rotating ee) safer ine. eft 307 
Beam of radio range_______.__._----___ 674 


Beam compasses, for chart construction_ 845, 889 


Beam compasses and dividers, defined ___ 121 
Beam width, defined= =) 0 = anes 914 
Of radars see sne.) 5 Sees Ss Seeee ees 322 
Bearing(s), on azimuthal projections_-___- 81 
bowrand beam >". = ae 255, 914 
collision: siden ed ers ey ee 918 
compass, defined _—_ 2 "5 === > aie 918 
€TOSSs CERN sre ses ne ee ee 919 
dangerserese ss te an ne eae 255, 920 
defined sasee >. a! tan eee ane 6, 914 
directionyot charted) 425. a5.5 oe 116 
doubling angle on bow_______________ 255 
four-point, defined: = — tae 926 
great-circie, defined: "5 =.=. amen 927 
grid, defined ae tee ote ie ee ee 928 
FIGS "Ofc efile Cleese oe 241 
magnetic, detined ss snk eee = ees 935 
per gyro (standard, steering) compass, 
defined s..7 5 iis i le ee ee 939 
In” polarwregions=).3 2.22 crs See eee 631 
Mercator correction for____________ 621 
plotting on Mercator chart_________ 631 
radargG@etineds.. 2. es eee 942 
radio; defined ==. 92254. i eae 942 
(See also Radio bearing(s)) 
Of TAN GC. 4 snes UE Fee eee 241-242 
reciprocal, treatment of______________ 314 
relative, conversion to true bearing___- 67 
defined 220 ot ee eee 67, 241, 943 
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resolution Of, radalewee ee ee 322 
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FUT GT Xk 1 eee 249-255 
special combinations of___.___________ 255 
seven-eighths Tules == - 2. an ee 255 
seven-tenths) rules = aes eee 255 
seven-thirds rules. a = ee 255 
frue; Gefineda@ nee a ee 241, 951 
USC: Of= = Je ee. Beets Oe aa 241, 255-256 
visual, in polar navigation__________ 621, 631 
(See also Fix, Navigation, Piloting, 
Polar regions, Position(s)) 
Bearing angle, defined________________ 67, 914 
Béaring. bar: «..2..-hadtea.dizausa abs 140, 914 
Bearing capacity, of beach______________ 740 
Bearing circle, defined_________________ 914 
description and errors of_____________ 140 
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Beaufort, Francis; wind scale of______ 774, ey 
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Ofswind speeds. £55628 3-252 41 Le 774, 1059 
Bedell, A. L.; sight reduction method of-_ 566 
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Beij, K. Hilding; sight reduction method of. 561 
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Benest, E. E.; sight reduction tables of__ 536, 547 
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ee ee ee Lee vernere ve we 557 
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defined________ BEEN | LOSI 914 
Biancho, Andrea; traverse table of___-_-_- 29 
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Binaural hearing------=-------2'0 Sas 742 
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described... —2- <= ert CF AN OOIAG | 136 
early,-deseription of - .- 2222 225.-+27 24 
provisions for compass adjustment____- 177 
U.S. Navy 7%-inch, described__-_-__-- 175 
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Bjerknes, Vilhelm F. K., and Jakob; 
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Blackburne, H. S.; azimuth tables of ___-- 570 
sight reduction tables Of lsco2> It 57, 525 
Biackout- of radio“ oe ees 2T Ore tet Oe 634 
Blink strom. 1c6-.2-<-25 = =20 SRANy io She: 759 
Blinking, of loran signal -_------------ 338, 914 
Biigasre en eee 64 Sa 4 = foe 8 ot eS 228 807 
“Blue Azimuth Tables’? (H.O. Pub. No. 
261) ee eee a BO TIT 98, 571, 914 
Extracts from. =] ]— 2s Sst aoe 5 Oe re 1168-1169 
Blue magnetism, defined __------------- 914 
Bhie moon] so esses ee es SA 28 810 
Blundeville, Evercises of-.-------------- 34 
Board-of longitude Cw as. Ser eL ee 228 45, 46 
Boat compass, defined_--_--_--------- 135, 914 
(See also Compass) 
Boat sheet, for hydrographic survey----- 859 
Boats, lowering of, preparation for- - - --- 647 
Bobbingtavlightaewe..c<e. ese ese Bee 264, 914 
BO idem a remain anes a eat ROE 365 
Bond, Henry; The Longitude Found of.__. 44 
iporamarees M225. cece DOAN AW 807 
Border of chart, selection of ------------ 893 
Border-scale subdividing device, for chart 
CONStEUCHIONea=--2--ad~e=see2-527-08 890 
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Bore; tidal mi. oe oe oe Pe 706, 735 
Boreas, ancient wind name_____________ 23 
Borough, William) oso) 2). 05 os ee 23 
Bottom, characteristics of, defined_______ 916 
phantom, in echo sounding. _________-_ 134 
quality of, chart symbols for_______.__ 997 
GENLIDONS see seme ere eer et ee eee 108 
Bottom contours, on charts_____________ 108 
BOCULACY OF. no oe ech = eta 105 
IBOLvOMY ICG see se cae ee a ears 747 
Bottom profile, by echo sounder_______ 133, 699 
MSCLOL INU PllOUIN Sense ee ee es 258 
(See also Echo sounder) 

Bottom relief, of oceans____-..--..-._-__ 699 
Bottom sample, defined ______----__-__- 914 
Bottom sampler, surveying-_---_--_---_- 700, 842 
Boundary waves. o---oc622225--- hee 735 
Bow and beam bearings--_--_-_-------- 255, 914 
Bowditch, Nathaniel; biography of__-___-_ 3-6 
CUlORy Olea se 220 ae aan eee abe 6 

_ simplification of lunar distance method 
Dyn ee oe Oe eed boat ~ chs es~ Pes 45, 54 

The New Practical Navigator of__-----_- 

The New American Practical Navigator 

(Co ae I Ran Sdn DA shin ah, ao 

translation of Mécanique Céleste of 
Maplace-by 22 eee tana ee a e6 ss ea see 39 
Boxing the compass, defined --------_- 137, 914 
Braces, use of in algebra__________-__-_- 1018 
Brackets, use of in algebra___---------- 1018 


Bradley, James; discovery of aberration 

Gnd mutations Dyes sone sweee oe ae 9 
Braga, Roméo; sight reduction tables of. 57, 530 
Brahe, Tycho; ‘development of sextant by_ 42 


discovery of error in Mars’ position by_ 38 
andlepicycliciplan®..222 22222-25245 36 
Rudolphineslables 242225552 4a eae 51 
staricatalog offen 35.5 2 eee ae 50 
at Uraniburgum Observatory -- - ------ 50 
Brazilicurrente 25. + 20252 so2 se ae ae 722 
Breaker(s)iadefined = 2222522552222 3as os 731 
features of sek. SOS aoe nT So. ee 738 
(See also Wave(s)) 
Breakers and Surf, Principles in Forecast- 
ing)\(H.O Pub. No. 234) 222-4 -----= 96 
Breakwaters (jetties), chart symbol for__- 114 
Breit, Gregory; origin of pulse ranging - -- 58 
Breve de la Spera y de la Arte de Navegar, 
DL \Contesmemr Sh aeso 8 beet eet 32 
tea Celestial Navigation Table (Japanese 
MPUbPNOWG02)— 22 s2Ss--2-—=5- 539 
nises ‘Compendio del Arte del Navigar, of 
ROssR eRe Mra ste =o sees ee 22 
Briggs wlogarithmsi sees. = 2s22 5 ene = a 1015 
Brill, Alfred; sight reduction method of - 564 
British Admiralty, Astronomical Naviga- 
tion Tables (British Air Pub. 1618) 
(eOwPuby No; 218) 2-22-42 --2- = 98, 540 
Hydrographic Department, establish- 
MENCROlee Meee ele. een ee eee 
Tables of Computed Altitude and Aazt- 
miteCEleD #486) ee Sa eee - 540 
British thermal unit, defined__----------- 776 
Broad on the beam, defined_-_----------- 914 
Broad on the bow, defined_-_-_----------- 914 
Broad on the quarter, defineduse se ee = OO 
Broadcasts (see Radio broadcasts) 
Brown-Nassau, ‘Navigational Computer”. 560 
BTU (British thermal unit), defined _-_--- 776 
Bubble sextant, defined _ --------------- 915 
development MPO NN core Metered 42 
principles of ._-5..-~---.---------- 416-418 
On Submarine s=s—r eee ween ea 609 
Buildings, chart symbols_-------- 114, 989-990 
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canwdehinedS> 222257222502 seo. ae ; ee also Iceberg 
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escribedtes= 28.5 sea. eee an buoy, defined) 222 "_ 2) "> 2 ae 64, 915 
chart symbol for, described________- 112-113 Canary surront met sheen ee 722 
illustrated 290 Ssetetren sar = = ee 992-993 Cancellation of chart, defined__--_-------- 888 
colors*of-: 52 asetee sess on eee 268-266 Cancerhtropiciof 8h oe) ee ee 372 
combination, defined___-__-_--.-.---- 918 Cancer, zodiacal constellation - ---------- 374 
i ggronbece PR SA Ly WT A thle ae Meerpe denned +4: Xs = 24s es ee 915 
am, GOhNed ten os ae ee See ae tree ee anton; John see eaee: OOo! sie sees 24 
dangerxdefined==esenmean ae owen A 920 Cape Hornicurrentas=s h=e2 ee ees === 24 723 
definedses _ dadls Mule Sian von sams 261,915 Capricorn; tropic of 22452) 22a se oe see 373 
description of, in light list_._________- 97  Capricornus, zodiacal constellation-_-_-_--_- 374 
gas, geo ree ilo eee 926 Cardinal points, of compass_____--_----- 137 
fo fletined=saeac.-2_. 222 85¥aN Ye a8] Geccital eyatewsot bucgace #01 mek Ig 265, 976 
lees Gefinedinaese= 252.222 r ee ardinal system of buoyage----_------ j 
juncmon defined =< 2-0 Foss 2 932 Carnegie, oceanographic expeditions of-_._ 692 
lateral system of, defined____________- 265 Carnegie Institution, dip measurements of. 423 
eidesorifetiitie ane =i 2 i>. si s2- 230 ee 976 Carrier wave of radio, defined_________ , 915 
lightsion'se eee. Sen ae eerie 266 Cartesian coordinates, defined________ 915, 1031 
marker: beacon on. - 22 53260.2- 25.2255 265 Cartography, defined_______-_--------- 915 
aideorennel ot uiccaainicie “aces ee 266 Casa de Contratacién.__---------------- 20 
NUN, GeUneds.- .sae-saaene sees 264,938 Cassini, Jacques; proper motion, discovery 
piloting by, precautions for___________ 266 Of 2S eRe eh: <i -  E 39 
bas Siadaeds Ole Serer 2 eee 265 Cassini, M.; sight reduction tables of... 524 
ee ae 4 SESS Sie eae eee ae soho 265 Cassiopeia, circumpolar motion of_ ___.._- 368 
Ulund- defined +2 c..@ CGNs Bf TO SA0> He Catalog dé, a ty oe and Publica- 
Bp a ee = Ee AY ee a Ba itonss(PubsNowl—N) oo 2222. ee 96 
i bey. defined 5: 19 FSi Sie aa aoe es Catalog of U.S. Navy Aeronautical Charts 
sev isan per eatede TT Tis ind Related Publications..—————__-_- 96, 1002 
Palporanh wien cde nee Onn: athode, definedits 5 *—.2->™a_5 s-eee me - 302, 915 
seed we set Pc ove ass 950 es Cathode ray tube, defined______________ 915 
turning, defined....-----_-.-. 0... 951 q,Pfineiples of -—-———- 2222-22222 oo 302 
by, Des Ofaweas f aes ane o << = ~ ets See 264-265 Cat 5 PAW Soen2 2222 =o >>> -- AR ee 807 
watehp-defined.....-..-. 200 T Whingh 952 Ceiling balloons, types of______________- 783 
(See also Aid(s) to navigation) Ceiling light projector_____-__---_.-___- 784 
Buoyasounders: > 122.0 eee) SOR eee a7  Ceilometer_..-- 222 5- s2n en e-as nee 784 
Buoyage, defined: =: 2:5---->-_--.saeig 915 Celestial, body (bodies), cireumpolar- -___ ap 
uoyage systems________________ 265, 976-982 phere sak deacy Go ee 1 
historyrofins. sets) ses. ese eet baa identification. of +. 2.i<2 22 bee Lnlow 575-591 
Burdwood, John; azimuth tables of______ 569 motion of ------.------------sseste5 366 
aren of Standards (U. S.), atomie clock ha hee Tegions oF 2 Ei ele rapa at) 
OS ee Be a ee eae a eee ee eee 375 ag ee gt a!) yet amen Stee ee 
radio propagation signals_____________ 633 Kepler 8 laws of. See SS = SRG Reekee 38, 354 
time signals of (WWV)_______________ 492 revolution in orbit Sere See aa aA 353 
Buys Ballot’s Law, statement of_________ 805 (See also Motion(s)) 
in. tropical cyclone-.._.__.__-.__ |. |_| 827 symbols for_----..-_- STE oar 906 
Byerave side rulé.._.__. ho ee 559 aoe einen setting, formulas foros ace 
C-band, defined. nt 915 “Celestial Coordinator”, of ‘Hyatt_.____- 4 560 
Cable, conversion factors_______________ 958 peolcetil Sanesors Celine TSHerGSGes 3a5 aoe 
Wohued: 4 ink. Lk. iagram on plane of _________..._.. 84 
leader cable, defined___._.__._._..__. Bee Celestial equator system of coordinates _ 382- 
lengthsunit. orioinsOtes-saeme so. sae 26 2 83, 915 
(See also Units of measurement) Celestial fix, defined. - ----_____....--- 915 
Cabet. Sobastian “72. a ed 30 Celestial Fix Finder’’, of Zerbee________ 566 
“Cadameter”, of Pierce.___.__.__...... 56] Celestial horizon, defined____________- 386, 915 
Case dehned. cciann te 2s maw rane 915 Celestial latitude, defined_____________ 387, 915 
Cake icon eee nS RemASY 749 Celestial line of position, defined ________ 915 
Galeareous, defined. 2c ee” a ae 109 Celestial longitude, defined___________ 387, 915 
Calculated altitude, defined. 915 Celestial mechanics, history of -- <= ==. 
Célculo del Punto, of Ménéclier and Celestial meridian, defined____________ 382, 916 
s irevalior 0... 2s serene 4 VAR BNE ay 541 clspcann en plane of, defined_________ 387 9 
palculus, definedi= +2 === 4,442 a) a Meee : Olsens SS acest Sn a22838 —393 
pe DEINnCipléesOfS saaee se ee ee iP ton Celestia! iin dhe In air navigation____ 675 
salendar,Gregoriania.- = --- 2 8 soe ne 370 ANG ele er eae eee ee 566 
time divisions by_._........00.. 0020 370 defined”. 225. - eaaiectiene Sean 913 
(See also Time) automation.of.% use ok ale 2 wane 60 
Calibrate, defined.___..___._._________ gis Wasand dead reckoning. .- -.--.---acnece 460 
Calibration table, defined._____________ 915 clustonin cil, See eee ae G2 9i6 
@alifornia current? >> _Ueu tego cmeues sae 723 history of ohtir 1 AUSPSheee- eee Var 
California fogs. Aaa ...5ccce ae 808 instruments for__________________. 398-420 
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modern methods of_________-_-_---_--- 5 


in polar regionsizas sic 282 eueteclc 635-642 
radiovastranomy_._______...._ Ss -99eu 

(See also Radio astronomy) 
radioisextantue. teinemisense tests > 304 
(See also Navigation, Navigational 


practice, Sight reduction) 
Celestial Navigation Observation Table (Jap- 


anese H.O. Pub. No. 351)_-._________- 541 
Celestial Navigation Tables (Japanese H.O. 

iPubssNo. 601) 222 22 SOLS <A atin aye) Wwe 530 
Celestial Navigator for Aviators, of True___ 561 
Celestial observation(s), defined_________ 916 

in geodetic control survey_________- 850-852 


lines of position from 449-465 


planning ofsekineiate S5tase 2 seuee 455-458 
in, polariregions 226 -2l022bie- feet ek 635-637 
lines of position from____-________-_- 638 
low-altitude sights________.2_.2.__- 636 
Celestial pole, defined_________---___- 382, 916 
Celestial sphere, defined___________-_-- 351, 916 
Celestial triangle, defined___________-_- 393, 916 
Gelsius--Anders. 4. 2... 225. 09-22eeeu 775 
Celsius temperature, defined_________-_ 775, 916 
Center, of circle, defined__-_-__-----_--- 1024 
ol sphere faefined! 2 lesa 25) Fo eutse 1029 


Center line, of hyperbolic system_- --_- 333, 310 


Centering control, defined_-______------ 916 
Centering error, defined________-_------ 916 
iNesex CS Mua =. a3 555555 82 So ee 411 
Centesimal system of units, defined_-_-_-_ 1031 
Centigrade temperature, defined __-_---- 775, 916 
Centimeter, conversion factors_-____----_- 958 
Central angle of circle, defined______---- 1024 
Centroid of triangle, defined________---- 1022 
@eres. featunes.Ofs 5. peasy t en) soe bree 362 
Certaine Errors in Navigation Detected and 
Correcied, toh Wright__. -..-----.-- 22, 30, 34 
Chain, hyperbolic system_-_---_-_----- 310, 333 
Challenger, HMS (1872-76), oceanographic 
exNedinon.Ol-2. =... set teateep ase 691 


Challenger, HMS (1931), oceanographic 
expeditions Of_----..-. = -peegees-EcHs 692 


Change of tide, defined___--_-_-_----=--- 916 
Channels of radio frequencies, use of----- 299 
Character of the bottom, defined_-_------ 916 
Characteristic, of a light, defined__-_--_-_-- 916 

of logarithm, Gefined-_—_.-... _=-Hetmos 1012 
Gharge. electrical_2.42-t22-<- -2=-~=--=- 289 


Charles II, establishment of Greenwich 
Royal Observatory - - --.------------- 50 
Chart(s), aeronautical, air routes of world _ 


publication.ol....=-35=ee—= saseeHe 100 
UR NSO) Ce Se SE ects 670 
value of for marine navigation - ----- 100 
(See also Air navigation, Projection(s)) 
anchorage, defined__-__-------------- 910 
NS Sie Se SS Se ee ae i 19 
azimuthal equidistant, publication of - - i01 
(See also Projection(s)) 
bathymetric, defined __-_....--------- 914 
Catalog of Nautical Charts and Publica- 
tions (Pub. No. 1—-N),--222ee¢5-2=22- 96 
checking accuracy of, by survey------- 865 
classification by scale____------------ 104 
coast chart, defined____-------------- 917 
deseribedawes iti)... cel az 104 
corrections to, ozaguides for_-_-------- 888 
SOURCES OLS eas as aise ee a mean 99-100 
current chart, defined_--------------- 919 
datums for (see Datum(s)) 
Gefined ees Same See Peece Fosse hE Se 69, 916 
direction measurement on_ ----------- 214 
discontinuance of, defined -_ ----------- 888 
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distortion, of.22-3.44: eee “RSS: 
for electronic navigation______________ 
(See also Electronic navigation) 
equatorial chart, defined 
field chart, defined 22eel2 _e aos are 
fishing chart, publication of__________- 
form linestonwOtoleh ane: fae ee 
general chart, defined 
describeds 2.2m saaaoseasa~s ee Pee 
great-circle chart, defined___________-_- 
described s .4.4 aa02555- 00 eet e 
publication of 7: Sel lurser cease 
(See also Great circle(s), Projection(s)) 


Of:gridsvariation=s..-2 5. eee oes 100 
harbor chart, defined______---------- 929 
described... ee Bae as 8 eas 104 
history of 3-:|beess wees eet suse eet 18-22 
ice chart, ,defined__.__ _- ae seeeeee aes 931 
importance of. 2 4s eee: See Sete 93 

’ Index catalog of nautical charts and 

publications....2525—-2 = eee 96 
index chart, defined.....-.....+_-222 931 
Information on Hydrographic (Oceano- 

graphic) Office charts and publica- 

HONS nn = 558 ctan te. ee eee eee 96 
isoclinal defined S22 2922 22s = 932 
isogonicadefinedss_— See s2mass2 ses 932 
isomagnetic, defined_______---------- 932 

deseribedisbeis 5 oo ae 162 

publication and features of__-__---- 100 
isoporic.idefined!__.._.__ 93S Sea ss 932 
Lambert conformal (see Lambert con- 

formal chart) 
forland navigation......-—-89.22¢ 322 664 
loran, publicationiofSeus2e. 22 2a22=e2 96 

(See also Loran) 
qmaagnetic¢tidefined._:-2....- -N2t Sees 935 
maintenance,.of. 2. 4..ge amelie eee 117 
marine, defined «5. 425.8)) S208 15. mae 69 
Mercator (see Mercator chart) 
miscellancous.<-.—= 5.-.. SoS SB 100-101 
MNAUtiCHlit 4 S$ Baa or Se 103-118 

accuracy. Of... 2225-0. cet see ee 104-106 

aids to navigation on__---------- 111-113 

accuracy. Ofsssteee. Cee 2 Bel ee 105 
illustrated §==— 8. <2 >. 3a eee 983-998 
(See also Chart symbol(s)) 

bottomuecontours one. 2=-=--2--. == 108 

aceuracy of .....-.... 4s Seene See 105 
bottom quality, definitions of ___-_-- 108 
symbols|forigst. == ao 5-42 997 

classification by scale_------------- 104 

coast, described=—= ~~ .=-_------__= 104 

CONStTUCHION Ol S822 2222 2 eee 888-894 

(See also Chart construction) 

CONtOUYS:- Oss s-2=so—44ese<" se 114 

Controlling depth. 2- a s2ee=seese == 108 

correction of... ..... Sees = 117, 118 

(See also Daily Memorandum, No- 
tice to Mariners, Publication(s) ) 
GangersiOn see Leese ee 110 
SymbpOlsfOlsot he cee toe eee 995 

data? adequacy, of. ..-=-_=. 4-4=--—- 106 

GatesOls ame 2 oe. eine SE ee 106 

LEG ULES oh OTe a ee 109 

(See also Datum(s)) 

defined: 2.22. ...2.. 2255 45 ae 69, 103, 937 

depth units of various nations----- -- 999 

distance measurement on_-_--------- 215 

general, described _ - --------------- 104 

great-circle, described_------------- 230 

(See also Great circle(s), Projection(s)) 

harbor, described-_-.- --------------- 104 
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heightsion. -~ oe ekotees aoe 110 
illuminationiofss 45 eedeee a5 a= 118 
improvements) in jee eee _ eee Sees 886 
of Intracoastal Waterway_________- 104 
land areas on_ bs s5ltestieties _ Avast oe 114 
landmarks.on, chart definitions of._._ 114 
symbolsifor 222. hental. jana 983-998 
lettering/Jon... 252 ona eee 107 
light characteristics on_____________ 261 
lightsranges/on= =. 2.25... elias 263 
magnetic information on___________ 116 
(See also Compass, Magnetism, 
Variation) 
maintenance.of._ 2. Jeee a ee Se 117 
sources of information__________ 99-100 
miscellaneous features described___ 115-116 
notes) printed on2. 25555 sseenee see 116 
plotting great circle on_____________ 229 
preparation for using______________ 116 
production of2e= 5222555. wan 886-899 
stepsiin =<. =-...--beriak saad 895-899 
(See also Chart production) 
production methods_______________ 887 
DLOJECtONSs OL see see eee 103 
(See also Projection(s)) 
for radar comparison____-._________ 324 
radio bearings on____ 22-2 5__ Us: 314-315 
readingsthes= ss.) 08 5) 9 eae 106-116 
rhumb line on™ assent fare eel 228 
sailing, described__|__ = _ haagab. We 104 
Scaleof statis fata) “Seiad 49a 108 
scale suitability of __._________- Js. 106 
shoreplinelon) =)" = seen Se 107 
soundings on, accuracy of__________ 105 
obtained by echo sounder________ 134 
symbols fors.2_-2. 4) pees 107-108, 996 
tidal effects upon________________ 267 
sources Of data for.) = —eeeews ee 887 
stowage of 1seede quien o45 ate 117 
SULRVey ACCUrAaCy —-- 2-5 aan 104 
symbols Onwere see ee eked 106 
definitions'of=-= 5552. 5) nnn 114-115 
illustrated. =.= 5s sae Sees BA 983-998 
(See also Chart symbol(s)) 
LErMInolOogy.,Of 222.) 5 See 888 
titles of” Eee Ye Fi) mabe sath) 116 
USE) Offs so 2 JSG ROS RON "eas 116-118 
water areas Onin. 5.55... 6s Seay 107 
neat linevof 10 Sit Noeh vile mess 72 
new (edition), defined_______________" 888 
of North America, spheroid used______ 62 
numbering of Seeee. ee 94 
obtaining eae a een, 94 
O¢eanographics =. Soe eees ea. 95-96, 1002 
outline, publication of___...__________ 101 
pilot chart, defined —_-____.3. sl lowe 939 
issuahce!of heeemels -virtl esin a8) 94 
publication and features of_________ 95 
plotting chart, defined_______________ 940 
description and use of___.__________ 100 
publication of=ss4ssss5_. oes enn see 100 
(See also Plotting sheet(s)) 
of polar regions, adequacy of__________ 617 
plotting onawaen. eee eee eee oe 620-622 
PLOjeCtionsfors=s—> = 4=aaeeenee 85-88, 616 
(See also Polar navigation, Polar regions, 
Projection(s)) 
Portolan_ tess Ae dten Oo Toeen ARTO0 20 
projection’ of, defined=_ = 222)_22 72738! 916 
typésOffSS91 t SBE Ut JOST? ORIN Sap) 69-89 
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(See also Projection(s)) 
and publications, for air navigation_____ 
SOUrCES Ofer gs 
(See also Publication(s)) 
radar chart, experimental, publication 


reproductionvof ees) sasinowe 4a 

sailing chart, defined_________________ 
describedoteceal) seiiv'?. setonieny, ts 

seale of (see Scale) 

scale conversion factors______________ 

sourcesiof. Se b4ansh' faiae 


Page 


670 
93-102, 1002-1004 
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93, 94, 1002-1004 


star chart, publication of_____________ 101 
rectangular projection for___________ 7/9) 
transverse Mercator projection for___ 76 

symbols and abbreviations, Nautical 

Chart Symbols and Abbreviations 
(Chart .No#1)?. 22 Site shigitie-¥ 101 
illustrated2J2U 2. 2. [Sieisb-eteq 983-998 
(See also Chart symbol(s)) 
synoptic chart, defined_____________ 816, 949 
terminology of_______ JLo. Sea 9 


tidal current chart, publication and 


features of i 4 ebenitaini singin Jo. 95 
time zones of the world, illustrated____ 489 
publication ofssee_sladiaged Fe eneL 101 
titles .of4.5 2... heoteh Jonas sal 116 
track. chart, /defined_._. sis. 40731 oe 951 
publication*ofaces ne, as 101 
Of variationvesla). Sime )o oislera in 100, 162 
(See also Loran, Mercator chart, Polar 
regions, Projection(s)) 
Chart comparison unit, defined__________ 916 
principles of = 4229850) Sagan 30 Di 324 
Chart construction, borders and scales___ 893 
charted details_______l2.__-2_ 22 _2 894 
datunt. wei Je oe _- » EY 892, 1000-1001 


(See also Datum(s), Tide) 


drafting instruments for______________ 888 
drawing material for_________________ 891 
eleméntstofeee = AOE) eee 888-895 
reductionjmethods:!--.---.-. SUONIE 891 


standard symbols and abbreviations. 894-895 


illustrated = 3S 0n De OMe 10. 983-998 
(See also Chart symbol(s)) 
Chart original, drafting of______________ 896 
Chart. portfolios. ca2-eus. 2020.08) Gas 94 
Chart production, compilation. _________ 896 
drafting chart original_______________ 896 
estimate of the situation. ____________ 895 
record /of2¥ Re ior U4 Saeco 899 
reproduction processes_______________ 897 
requirement fore s.s2s5 5555555210 eee 895 
research and planning________________ 895 
review and edit! }<(0Wssliveu ait emia x 896 
Chart reading, defined_________________ 916 
described seehe. Pete ng on ee 106-116 
Chart record, of production_____________ 899 


ete). sseche che. DJ2L e038 _pvemy 986 
for aids to navigation--__ 111-113, 991-993 
for bottom quality__/-._-__--__gsto_.e 997 
for buildingsverse: ai. to yossuese os 989-990 
for buoys and beacons_____________ 992-993 
for coast. features._____.beeDeb_Jusdes 985 
for coast-lin@ss «222 2s2ssss2 22000008 984 
for compass information______________ 998 
for;control pointsssss455 52 == 5a" euee 986 
for currents, described ----__~ 777° 116 

USI ANd 2 enc. c— san , 3 ce oe 998 
for dangers, described________________ 110 
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illustrated sssa=rasschecse 2 ATE 995 Chronometer watch, defined ___-_--____- 916 
definitionstoiees= 22 ss eee Se 114-115 Circle, circumscribed, of triangle________ 1022 
fol depth"contourse:*o2-2222 2-2 997 BSICONICISECtION eae ee ee ee eee 1027 
for distance finding station___________ 113 of declination, defined______________ 382, 916 
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disCussed ee el OUT I 108 Of A. SRO os ee 56 
onvergence of waves/)_.-28./0 4 _t) 11) 737 publication of 2/4 jecc 3-2) ene are 528 
Convergence constant, defined__________ 919 ODI LOR. f0t aca ot. 3 ae 1056 
Convergency, defined__________________ 618 Cosmographia, of Ptolemy______________ 19, 36 
Conversion, arc-time_________________ 484-486 ,Cotangent, defined. ..-/_____|__ 7 #9" 1032 
Conversion angle, defined______________ 919 Countercurrent, defined_._.__________ 718, 919 
for*great, circle 2@_ J8otobie Wiiwlis: 231 (See also Current(s)) 
for radio- bearings-_ - - 28" B96 to leer 314 (Counterglow! 20) ee) see Bat 365 
table oa <= a oe eo 1198-1216 Course ES ETN aie tener foe be fs 66 919 
explanation of 252251 208, Sori oso) 1185 of advance, defined.___________. 66, 218, 919 
Conversion factors_.____ 978 9) 2808. 954-962 In air navigation, defined_____________ 671 
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Mock icmadefined. “3 oie iam a 
Birection Ceberted._.. bocish.v oydeediaS “He 2 Rhine ti a. dew pas 
nal great-circle, defined__________ a running fixo be. le 208 
great-circle, defined__________________ aoe 7 Niles Shader pues ci eit" it Fs 
grid, Gefined Livimiees...._ 928 WOGTEWAVES.. co. .5. 2.0. eee 
grid. Sohi oj eee PODRWANVCSac0 2s os 2 ases soe ee Zi 
a ai ccueanedl dened. 25 ets ais of electricity, defined... -2eeee: tea a5 
ARB cH MEN THISOM oon! ORE ~~ countgvialiehilialiawnia said adi oy 
magnetic; idefinedeiest sess oe 935 favorable, defined___________________ iy 
over ground, defined___________- 66, 218, 919 if isabehdt A. eee ee “ 
ver kb (standard, steering) compass, res flood, defined Aswul .._baadel_cesyectiedie925 
Preniierisiread. dowbed. to su-bas Oe Mi tcctonbbudie ah. ibnatdh ssaaeliie oar 
eee nk ek tg or aha ebb (flood), defined __--------- 927 
midefined Sia Ute a Bab. tate 4o.12 
Couns enale, defined... eyaiuey Sa-ancitu 66, 919 aac LPivdos. saSauet...2/...20lae ies 
US errs oSeae 66 information on, sources of ______ ace 97, 716 
cm Pee er uetonsd abel aay 
error, defined ievasus5- bist. sel. 4 inshore, defined 2.0... -.- Sone. 58S 718 
Be eaten Seok ten MND Bibnastorthichinedc- os aks eke weblen 718 
in air navigation, defined _--_ tr sa ‘euiee Had Se desenboe smut geiaaue ae 
a belim ptolee ses ee oo han Rahs 216 lunicurrent interval of_____--__-____- oe 
as line of position___-__----- 453 i Yeood) aackne le aa 
ees re avo maximum ebb (flood), defined_-_.__---._ 935 
p He abla chart, eos s------ 525-46 oe mixed ;tdefined (seller terse: Bea = 713, 937 
Be ced BT Beaastie: lave. wv. eninalier billieag 14 
& ey anal 155, 220 ipntidal.defined:dudus_....-.#enee lo dd 
Seer fare i Ne See te See ied gate flow, Jeffect. of ...-.-..-..hea8 714 
Ge pk aenel........< Wi, Mebiatayduigraphicsoreyh che meee 844, 860 
Crescent moon, explained - ------------- 377 in Reet.) 3 2. Abaeseiend Lanai 718-726 
7 ee aca ee Bane G le sinad we Asien also Ocean current(s)) 
Critical range, defined: 2. asibiwor omigig hep ke etn: bi caikce cas 3: Oecbaedl ta 
> of loran waves---------------------- 337 periodic, defined___- uidoced a _exclterspedldS 
pec defined a .diuguze. sages ae sient defined o,.2.4deiconaow Seen 718 
Mee: Mususd. Ja qienat. cel. piloting inl Claes Lk... ached oie 268 
Cross bearings, defined_-_--------------- 919 in polar regiorisiYs... ears tee 629, 725 
Cross talk, in radio receiver ------------- 302 deflection of -.-J2setee® ieee a "615 
Sh apin! ; pkg: ORS Etc! covet 41 (See also Polar regions) 
~ we pes ie ee ee 1025 predictions of, precautions in using---- 268 
Cube root of a number, defined________- i012 a + aera iperancties orm a3 
DN ete te re enets  Oulaetidesdnvedl...--awdemanal be 289 
Cugle, Charles H.; azimuth tables of--_-- 571 relationship datide wal. Arce... 267 
Cugle’s Two-Minute Azimuths_---------- 571 Peversing MOU. 6 adnan nnce~ nn ben 712 
Culmination of celestial body, defined-. 383,919 rip current...2..---..2-----------.- 740 
eaature, defined__--------------------; 919 in rivers and channels__-------------- 268 
fe eine oe Beety | Babee aicianb. Minenall: dicbaleaeee 71 
BOUUSE MSCL. USING te eed ; escribedscth. © sonnlic ahaa sees 
Cupola, chart definition of -_------------ 115 inequalities.of Js eluwiom baa.ceties 713 
Current(s), allowance for, in dead reckoning. 217 seasonal, defined See sas sz aeshee cee 718 
Im running fixes eLee wooeey OSo_J 252-254 “noah RE BS pee selene an aes Sige Se 713 
DOR CAD S945 sen ner ree ar 714 CHC Sen a ee ee er 945 
average, in celestial navigation-_------- 461 ee Shenae navigation --- -- 217.712 ae 
Peraputation Os... cL --— ~~ S00 E 276 oS Ras m9) 
chart symbols for, described - - --- - -- -- 116 hie water, eer gr Psi halings OG 742; - 
FITIRtrAted a eee c eect. OE 998 ime computation of__------------- 
coastal, (LENO YG x: eatin | agian 718, 917 speed of, finding by table_------------ 274 
Bene et baud 919 relation to tidal range-------------- 715 
determining, in celestial navigation---- 461 2 See: bai: eateries 23 Ape yas a 
ni dead reckoning.....2.---.---09U¢ 217 stream current, defined_-_---------- 718, 949 
by geomagnetic electrokinetograph_ 60, 128 strength of, defined------------------ a4 
diagrams, described_-_..-.----------+-- 275 iivelirt 20 ne Tee a Sage 3ia5 Sper Oee ue8 
aireee defined: Gl Iodide Belo cuss 922 surface and subsurface, defined_----- -- 718 
pn 8 EN dolar lh Ea 920, 922 survey observations of - -------------- 844 
MN atest iD coe = 21s ota aa 3 217 tidal, defined _ - ------------------- 711, 950 
distinguished from tide______--------- 703 Se deaaliicad rie Re eal ek wai ahte268 
diurnal, ACTIN GO Sree let ae 38 se 922 ace to time of tide_------------ ue 
GIBCUISSCU eee ee ee aes eee 713 ALE? Oe sao aa aE TS 
drift of, in celestial navigation - - ------ 461 _ variations and cycles_-------------- ie 
NEA aie My wubaee.--—OSN0ID | 35 217, 923 in tidalswaters2 on, Mies cel a2 2 be 268 
CUBCUBREC ne ne ere ete PEN 712 and tides. 42 352 Sie Se aS S55= 267, 703 
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Current(s)—Continued 
tropic. Soa ie (agen ere 74 Danger ibearing-2).2--254 2 beste = 255, 920 
unfavorable; defined: ** _......Ja0hos 951 Danger buoy, defined_________-________- 
variation of, with depth__-__--.------ 716 Daliver jie eachined 2 5 OS se POI 5 
Yelocity rile Of cccccccectleseeewaTs  Danwer sounding, defined -»-/ t= mnie 920 
wind current, defined= — 2/2284: 22422 953 pn B80 Ol wo 2--ae oj demse ape raeage apt 
eaiae GAMO, ...oa. ieee 718 angerous semicircle, defined - ---------- 920 
(See also Ocean current(s), Tidal cur- DAPAC (see Danger Areas in the Pacific) 
rent, Tide) Dark tracestubes_22.-.-- =.= S=.2se ee 303 
Current chart, defined -_—-=--22.-2:....2 919 Darwin, Charles; impact of upon oceanog- 
Gece diagram, defined=22- eee 920 raphy Seeeeees Seeeeets.. te cxtoede)_ pee 691 
use ofA! SS y See See A Sere 275 Déate line/ defined: ........s.222..ade 920 
Current difference, defined______________ 920 originvandiusetof 9-222 5 == - see 486 
Currentidirection, defined_-_--22-_- 2-2 5- 920 Datum(s), of chart, defined_____________ 916 
ee WA PP e ata 716, 844, aan oe of various ..202929-0% 709-710 
Current pole in hydrographic survey_... 860 SyautlB@d-------2----22222277005 392 
— tips. Sleeoe sl... beatek. 740, 920 (See also Tidal datum(s)) CS 
Gunes ane net Senate Cina) Aah 712 general definition of ____-_-__-_-____- 920 
been aa Ale han Ral 95, 273, 716 North American, of 1927__________- 427, 892 
es fie See a ee 950 as origin of measurements____________ 427 
Saas S from S202 4e javaadet 2 ieee HS tidal, ‘defined 2422. 22:4+i.24e2 4.30 950 
(See also Tidal current tables) riitaNgtabein RECTEon Od yaniouge 
Cancrdstied $90 vertical, defined Bev ee ltl. vise Oe 892 
of plan position indicator 2275s sean 318 Ban svel ot aS 7 >; asc taae veaatniuee 09 
Chispretimoon ee frome, Sakae 377 Davidson CULTCN Gat eee oe ae ae 723 
QutdéAtiéd...5: dees ec dot 920 Davies, T. D.; sight reduction method of __ 563 
Cyele, deinaauanies Of fh Sere 290 es Ae Leonardo (see Vinci, Leonardo 
yéloid#wave, ag 220 weve Jaeger: 727 a 
Cyclone, areas of occurrence____________ 820 Davis, John; determination of longitude___ 44 
defined. BMSC SOT (eps eee ngly.s 920 invention of backstaff by_____________ 41 
en af Peeenten es ee es 805 latitude Dudowen transite Sst _se2=-=e8 43 
Extratropicalewe ~ 9.954 es se yp 806 prime meridianiofar. = eee eee 48 
observations of, by Air Weather Serv- The Seaman’s Secrets of __-.-________- 34, 41 
MOLE? Moco oe Been aARas 787 Davis, John E.; azimuth tables of _______ 569 
nae ei Be Ae Tk 5 en at Sun’s True Bearing or Azimuth Table 
les of formation______________- 824 OF Seis ssa oe 2 ee eee 57 
% ane gale aR tee RO ma ee Lage cow work ee by Percy L. H. Davis__ 571 
Pek : ? Buiee 
Cylindrical projection (see Bye fection ann Ceo} Bt 5 ge a ee fis ‘ wpe fontok 529 
Pee tables'of 3... ~oish seem 569, 571 
; ter. Tables of 9-25 a & 16 se 57, 525 
D-layer of ionosphere___________ 293 Reduteiie : : 
See eee quistte Tables of.._..._----1--.22_ 57, 528 
ar Seta Fontoura (see Fontoura da sight reduction method of-_-_________ 5 
asl Memorandum, chart maintenance ie gor Mie clea bisnnete aan 57 
BEY SHIA! Niet oe calaneads fined HY Dag appeehVetar 2... Sea 
ays See oes rit Cn eee area oe astronomical, defined___---__-_______ 483 
publication and contents of___________ 99 taper ee nanaceCuwuins Made es 
(See also Hydrographic Office (U. S.) Aan ect hod tciak ac sl, =e 
publication(s), Notice to Mariners Prarie sic SO Roe ee oe A866 
Radio broadcasts) ) kinds of, conversion factors___________ 954 
Daily rate, of chronometer____________- 418 pate tka SER eS 375 oP 
EE ne ee 490-491 and, tides." "Bo pases, 700 
Dani Wage Boos “igne 920 nautical, defined sas s8=4. 46) aaa 483 
Damping, defined. ..02------....1-2. O20 qiqiStorteal.------------ 22-2222 518 
Damping error, ballistic; defined________ 913 Rieti eed ANA a ba 375, 483 
‘Of YTO\COMpass aes eee Le 148 1 wee Rae ee jnalisionibeannolotiiae 286 
cotiputation of for Polak tegionaues a ei so nt astronomical significance of______ 374 
Dantbuoysdefined:..-- see aeenele 920 tid i haere NERS dann aia ~~) O47 
Dana, oceanographic expeditions of_____- 692 ‘ nea [eines to of fae 4e2, 70° 
Danger(s), chart symbols for, described_ _ BO Wavbeaco che rien bn lc. ee 34 
illliatrated{t/. i... be-auaiaaeeencle om 995 aybeacon, chart symbol for___________ 111 
information on, source.of- 2. 4 een 97 defined___- - EONS + Sei oe a a a eae 259, 920 
publication of latest information_______ 99 Daylight saving time____________ 482, 488, 920 
Danger angle, defined__________________ 9290  Daymark; defined: 2<--227_ 20 oie 259, 920 
Horizontal SP Atwe 2 locas peopel 256-257 description of, in light list.___________ 97 
eo OS . uu selous boa wnatioe 256 Day's run, defined: :- > 22>. -- >. teen? 920 
vertical _____ ere naan AS 257 Day’siworks defined. 9... 00.) ) ate 
Danger Areas in the Pacific (H.O. Pub. déscribedigenan, Sater - 77 athe So7-e0! 
Noi 110): S.nies Of Joes eae oS 101. Dead ahead, defined___________________ 920 
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Dead astern, defined__________________- 920 Declination—Continued 
Dead reckoning eso S Seed eee We 213-239 for laterkyeatseeugease JaeoL lias 8 653 
Invaimmavigation= ==" emhet, _ 671-674 finding by almanac—Continued 
mutomatic. <Ure) 2s to noitectosa 220 Of MOONZia. eed OEE_O LA 470 
in air navigation bs beter ho viene 673 of planets: oo ce -nc cl eee ea Seon 470 
and celestial navigation __-----______- 460 Of Stand. 6s .ee ee ee a 471 
by, computation__ = Se 220-228 Of SUN. al cet be See a Ue Ae 469 
course made good, defined____________ 218 finding without almanac, of sun__.__ 653-654 
course of advance, defined___________- 218 gridwcefined 3o). see seeeee ee te fe 928 
course over the ground, defined_____.__ 218 magnetic, defined___._......2..___- 161, 935 
CULFEN CME i= seen 03 oo appre ¥ oi. 217 mieasitnementiOfes oo... == 2s eee ee 382 
defined )=— 2 feeyhte eee blel® 2 62, 213, 921 parallelof, defined____.-. -Sauen_ ses 382, 939 
departure, taking of __ ~.22 0. 2.2. 216, 597 precession) of ‘equinox.in_. 32-22 25_.--9 373 
Doppler method, described__________- 220 Declination table, of Zacuto___________- 32 
effect of current upon____-_-------- 217-218 Decometer, Decca____________________- 345 
mectnoniesiingels a es = Dee 304 Deduced reckoning, defined. 2au26 228 62 
eqduipmentest. oF wi oars. berteb..2a2 220 (See also Dead reckoning) 
Meter yuotns fo precewien. = dun 18 Deepidefinedsanwiet _ shia! _ srt! sean 921 
Ot) (kes. — 2 ren + ae oo on ones 627-629 onileaduines 3424. 2. 8. 230RIed. 2s 132 
inertial method, described____________ 220 invoceanmdefined See a.) ae 700 
mmMandmavigation: 22... by _q%ak. te 664 Deep scattering layer, in echo sounding-_-_ 134 
leeway, allowance for___-_--_- raphe fees | s 219 ofjseaywater «2. betes. See 744 
defined 42. -eohieystan5-2 219, 933 Deep sea lead, defined________________- 921 
in lifeboat navigation_____________- 649-653 description of....ce aesseelh Soden, | 131 
origin of expression_________________- 25 (See also Lead) 
by plotyasior sath) oe fertsc kyo es Se 216 Deep sea sounding lines________________ 869 
MopOlAr regions —.. e See 622-630 Deep water layer, of sea water_-_________ 743 
mnobableterrorofl! steieed Siem 685-687 Definite integral, defined______________- 1043 
ROUT J: Ce Oe a eee ee 221-236 Definitions, basics: 5 22238_22 52 2228 62-68 
(See also Sailing(s) ) Deflection error, ballistic, defined ________ 913 
speed made good, defined______-__---_-- 218 Deflection of the vertical, altitude correc- 
speed of advance, defined_____________ 218 tion for... 22. sere a tees 427 
speed over the ground, defined_-_-_--____ 218 defined Aceets. so2mee 4 2 eee 921 
(See also Navigational errors, Naviga- (See also Vertical) 
tional practice) Deflection plate, of cathode ray tube____- 302 
Dead Reckoning Altitude and Azimuth Deflector, compass adjustment by-_-_-_-___- 202 
Table (H.O. Pub. No. 211), of Ageton, defined .wennt .ézs nod. Reelin. cowpeas 921 
COLEUS OL eer 8 eo eh 98 of De Colong,described______________- 203 
THCOnyA Ole ae eisies, Ane eperes ct fo. oe. 538 of Kelvin, describedsetee= =e. ase" 202 
Dead reckoning equipment, defined__-___ 921 principlesof4 os... -- .. eee 201-202 
ingpolarsremions. _- = 55-95%, +,!a<}) 630 DeForest, development of vacuum tube by. 58 
use of transverse Mercator projection Degaussing, compensation of compass 
WihbIvaet temeysen beste oh eel a hee bee 88 fons 3324 ¥. esesbeees) .tneeseest 207-209 
Dead reckoning plot, in airnavigation-_.__ 672 Gefineda- west yrepter™ _ nese O. stb 203, 921 
Manned: teva eiee eS tote epee 921 deperming, defined_____-_------------ 921 
Dead reckoning position, defined__-- 62, 213, 921 gescribedsems owe coce ces tab. 23 207 
Giscussedauss of 2b wee bates. 2 12 lt 213 flashings defined 32428. .-.2---... 893 925 
(See also Position(s)) described =t+ no92.pbeac 245). senteea 207 
Dead reckoning tracer, defined _-- -- - -- -- 921 magnetic treatment of vessels_-_------- 207 
mrinciples of Jut4s_ <2 2et¢ otn- $< 2 155, aan principles of = 2-2 .s.c.s2 cee 203-209 
Dead reckoning track, defined _- _------- 921 (See also Earth, Magnetic field, Mag- 
Deadrwatersqe. 2825 2b — Spe cle ro-t 735 netism) 
Deadbeat compass, defined - - - - -------- - 921 Degaussing coils, direction of current in-_ 206 
Decante, E.; azimuth tables of- -- ------- 569 effects ofere..2nolisereerce ole eRe 204-206 
invert = coe LO Oe Sate ae ene ae Oe 312 “reversal”? method of securing___------ 206 
mecurAey Olen. Foc elt roredends+ ins 345 ty pesint.. . -).uee: - aaa 204-206 
igen NAVIC AON see = ~~ — 3. a=) =e5e5 675 use of, during ship swing. ---------- 194 
sovorapeus J#185 5 = - ~~ deed 346 “‘Degaussing folder”. ._._._-_---------- 204 
decometer sae et hence anis= 2s Fe 345 on reversal method for securing degauss- 
@efined=. 22... 2. eee hte he 22S 921 ingicolls#=s Jose he enSsssso22 oe 206 
development-of—== __ -.222 22. 2224-4-+ 59  Degaussing stations, function of_-------- 204 
FLINCH BSC aeO Oe 8 oa) es 344-346 Degree, length of, table 6__-_------- 1246-1247 
Decemberisolstices2 2%) --. —-. saeseniee4 373 explanation Ofer. a2 25 Ui {bees 1187 
Decibar, unit of pressure measurement.--- 696 UNItiOf ane s.6 Gasca shoes Sete S* 1031 
pecibel¥defineds iar... age! = 2) 921) Deimos, features, of... -- 2.23226 =5-¢222 361 
Decimal, mixed, characteristics of_-.-.---- 1012 De Jonge, Joost ie Kiewiet; sight reduc- 
repeating, notation for ..c.4s seiteenlee 1011 Hon meno Ol. . sees. 4 a2. 2s e ee 548 
IDevkgicems ier: Seek 2 ... bee Ach sh 814 De Colong,I. P.; deflector of._---------- 203 
Depkolog) defined 0 )- SBA ee: wel 921 Delay(s), base line, defined sse23: 25sui2e 914 
in lifeboat navigation ___-_------------ 649 Coarse waenned "s.s0e6 oe. 35! Shy. 226 ee 
Declination, circle of, defined__--- - ---- 382, 916 eoding Getned =... 0222 52225 eee 91 
defines) tears. alse fans 921 fmemoehned 2... = ss Sa eee ee 925 
equal, circle of, defined __ __----------- 916 half pulse repetition rate, defined___-__ ee 
finding by almanac, for following year-- 479 LOR AIE Reese oo oc te ae eee 3: 
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De I’'Isle, Rollet; sight reduction diagram Teauction Of. 2exe cece IO 170-189 
Offsssr sce - dopitiee panera nd 2 557 residual, defined... ........99U#aIi20. 944 

Demodulation, defined_________________ 921 determination,of .--...-.--.--- 166, 194 
oferadio waves: .2.-.2.--..--..eele 300 of properly adjusted compass~ -_____ 172 

Denominator, defined___-_____-_-__2 sae 1005 semicircular, cause of_______-________ 174 

Density qofdice AsSs4. 8 2 752 défined 2. ep 945 
Of.seajwater «22 34_saagstle secs she as 696 standard... -...._ .Wen80 Doom shears 681 
Unitsiof: ecew serene lS) Peels 696 (See also Navigational errors) 

Departure, defined_________.4.-L____! 65, 921 from ‘vertical soft irony ms Si) 48vo 8 171 
point of; definedss)___5____. ta dese 940 (See also Compass, Compass error, 
position of, defined_______.__________ 216 Magnetic field, Magnetism) 
taking). ooo o-oo ESAS pe I ee 597 Deviation table, defined__._____________ 921 
(See also Longitude) preparationvof 22220 09890 BO sani Foi 194 

Dependent variable, defined____________ 1041 Usel Od chac. ohek AIG" SN9TIIO WO. 166 

Deperming, defined_______.____________ 9210 Dewidefineds...+2ecee----- => BE mole 778 
deéscribed_..-.. (gotten dues baat) pele 207 Déwipointwdefined...-...-.------som@ 921 

Depot des Cartes, Plans, Journaux et explained. =< eer ne = sce ee ee 778 
Memoirs Relatifs a la Navigation; temperature of, table 17_________- 1268-1269 
Ohiginrofs. (ties os _ aera by es 30 explanation: of 29229229 Doman is 1191 

Depot of Charts and Instruments, estab- Diagonal, defined... -222.iotieaives By 1024 

lishmenti.of = 225-22... eee 31 Diagonal metric scale__________________ 844 
publishing of first American Ephemeris fortchart.construction__--.---2.-__ 9 890 
and Nautical Almanac by__-________ Diagram, current, defined______________ 920 

Depressed pole, defined______________ 382, 921 on plane of celestial equator________ 383-384 

De Principiis Astronomiae, of Frisius_____ 32 on plane of celestial meridian, defined__ 922 

Depth, allowance for tide_______________ 267 describedai=: === +2--2 = == SOIT 387-393 
charted) defined__.___bad3sh Inmet: 916 tamesdefined--.--¢- =.=: i SOT agi 950 
contrasted with height of tide_________ 267 eSeri be dite tee me we co = ms ee es 383-384 
controlling, on charts________________ 108 vector, defined__"____ _\S:Raihat SSNs 952 

definedereahintitte Jenijvey, ad t Yo np. 919 Diagrammi Altazimutali, of Alessio______ 572 
measurement of, methods____......_ 131-134 Diameter, of circle, defined 22 4G2 10_ 1024 
bysPosidonius.0y. 2524 ee el 691 of:sphere, ‘defined#ie2 _ bhiots of} 197. 1029 
predicting of, in piloting-___________ 270-273 Diaphone, defined__--________________ 922 
units ofseeelet vax sbonien to .atala om 27, 124 as fog signal, defined_________________ 266 
on charts of various nations________ 999 Diaphragm horn, as fog signal, defined___ 267 

Depth contour, defined... - 22.6. 921 LDiapositive, use of in photogrammetry_._ 876 
illustratedj net... pedtombhanelo. 997 Diatom, defined! Stes _ ees Sane 109 

Depth finder, sonic, defined_____________ 947 Difference, of distances, measurement of 
ultrasonic definedsua. 2-2. -. 22. la Beig! 951 309-312 
(See also Echo sounder, Sounding ma- of latitude, defined . -2-25. 222022 922 

chine) explained@i@ _tOsaci2 i _setovannyd _i 64 

Depth measurement, importance of______ 131 of longitude, defined________________| 922 

De Revolutionibus Orbium Coelestium, of explained] 2aiiaA014 Gi ole pataodo: 65 
Nicolaus Copernicus_________________ 37 of numberswidefined—-=-=-.--5-s5s0.a 1009 

Dérivative, defined r< .. 2c: -santoqaedind 1042. Differential, defined... __-___ 24461 1044 

Dé@serti devil. ....cccenncccsatoiieb wn 807 Differential equation, defined___________ 1044 

Desk computers, sight reduction by 2a 560 Differentiation, defined___._.___________ 1042 

Destination, defined. _______222 222. 921 process of, explained__ | .-_2/______ == 1041 
pointrot wdefined..-....222222.. 00 sole 940 Diffraction, of radio waves________.____ 295 

Deviation, analysis of____________ 189=192'195 Digit, defineds=.=- eRReD Ase panne 1005 
applicationtofe eee isl 168 Dihedral angle, defined_____-___________ 1022 
causesiof/ Jgermn teiolioutlin ali wists 166 Dip,<defined_.----- --oieb Sandie i 922 

the single-pole concept_____________ 171 geometrical, defined MO) 210088 1 ae 927 
coefficients of, defined________________ 174 of horizon, altitude correction for____ 422-426 
constant, treatment of_______________ 186 from hifeboat=..----------.'0_ fa 657 
defined: 2e2ven 25 BOTS 98 marl 166, 921 computation: of=—— === == == ROWMRIVES 422-423 
effect of compass location upon________ 175 definedgage mets 222222222225 ee 922 
effect of latitude upon__-_____ 22. 73 effect of refraction upon____________ 423 
Bed ing 200 ad «ose coke Ree en el 195-201 effects of weather upon______._____- 423 

by magnetic bearing or azimuth_____ 199 fluctuations. of -==-.-.. >. .10 Jitenigs 424 

by magnetic headings______________ 199 formuladorede- © ae) a OT 423 

yirangésun o¢ Joe eee Seay 200 measurement-of.--.-.....S91Jeio8 i 423 

by reciprocal bearings______________ 201 in polar Tegionsaeam™ syiessia io Ti | 637 
Blinders: bar,originof 2.02 218 Ua 24 magnetic, defined._._-________» 162, 164, 935 
Gaussin ‘erroridyia somal AB dee ol, 193 short of horizon, table 22.________ 1278-1279 
histonygofad 2 il 2) sense Deion 24 explanation of. 2-201 HOIMOIn ita 1192 
from horizontal soft iron.____________ L7i Dh circlevdefined.-22.-2-55. 2. desea 922 
from induced magnetism_____________ 171: Dip’ correction, defined__.... 2 bonis! a 922 
Kelvin’s rule for improving compass Dip needle,“defined=. _.. _soWssives teow 922 

adjustment. .22.22.222.-4.09909D @ 183 as vertical force instrument___________ 188 
magnetic fields of a ship____________ MO-NT2  Dipolelantennalt.....-. 54.5.0 1. ie 297 
from permanent mMagnetismulle2 2) See 171  Dipsey lead (see Deep sea lead) 
quadrantal, cause of 2.42. 21.22_ 22.5. 174 ~+Direct current, defined_________..___. 289, 922 

€finied 5. 4ck so ee es eae 941 Direct motion, of planets_._._._________ 377 


INDEX 1475 
Page Page 
Directi wave} defined)! _-. —-»_beunijen)— 922 Distance—Continued 
Direction, in air navigation_.___________ 672 explanation lof leis sein!) 1188 
compass Se SEE pee te ees 66, 166 PIG CIN GOL eee, POE eee a 215 
offeurrent, defined ..Jasciwe2ent Jos 920, 922 polar adefinedizcd..............Jeall 382, 940 
defined sl wyasetiinths spennioo). sin = 66, 922 rhumb lines 2s eeuteien tyade Yo we 66 
and distance, by electronies_________ 313-331 defined2tes emets_ S01 inanwuctadt ae 944 
on earthaty of S58 welet _. farzitsone 66 scale of, on azimuthal equidistant pro- 
of fictitious rhumb line on transverse jection... : Suhre see: erm 83 
Mercator projection... _..-.----__-- 88 on gnomonic projection_____________ 82 
grid, defined quae use n in wating der ae 618 skip, defined sae24. 12o: ee, ban sondern 947 
BES rns 622 explained 2208 jxme oe) deredeer ae 294 
dice tugs. Se)... Jo-basa 627-629 WMT GSeOlee st jo I 26, 65, 124 
in land navigation, instruments for__ 665-668 (See also Units of measurement) 
in lifeboat navigation __-_-________- 649-651 TISCMOLEINMDILOUING 2 eee oe a ee 243 
TOO a anrar  i  LKA e Cel ee 164 Zenith defined get sss. aii, Se ereee 385, 953 
Oremaggneticiield Y=) ts giosPa ta oii 159) WDistanee finding stations. 452s aeee 309 
measurement of, on chart__-__________ 214 chartasymboltors- 2222252 - 2-22 eeeee 113 
on Mercator projection_____________ 71 defined 294 seas 2 tee ee 922 
methods.._\atem sob. .....- les 134-157 Use Ofsherheh —neliauly dct. Ala wy me 315 
by radio etuitenton! wil oni pecttryres. 304-306 Distance marker, defined______________- 922 
plotteingiofiinc redisGec......Ianold. 214 Distance measuring equipment___-_-_-_-_- 317 
in polar regions, use of grid for________ 91 Distance off, determination of, from life- 
ofrcferencet Snnelne 2... blond 66, 134 Oat RG os 2 os 2 ae tee 
of magnetic compasses_____________ 164 inspiloting = seeewss 2. Se es 
of relative movement _--- 2222-2 2L42-- 326 Distance, speed, time; table 19__-_-_- 1271- 1375 
of underwater sound waves, measure explanationtolmece == sae = ee 
MRO MEU TO Bi ag, os ae a SOIT Silt 742 Distance vector. use of__ 1017 
of waves or swell, defined_______ 922, 949,953 Distances Between Ports, Table of (H.O. 
Biawindydefined .._......,.23-. bas 8s! 922, 953 PubsNo:..15 aM bene}. = Freel 97 
Direction finder, automatic radio, defined. 913 Distances between U.S. Ports (USC&GS)_- 98 
deviation of, defined_..._._-_--Ls-22: 922 Distress information (see Radic broad- 
manual radio, defined =). 2... .---u. 24 935 casts) 
Fado“ definedas) 0. 5 Pc fog a fleet nls 2 942 Distress signals, source of information on_ 96 
(See also Radio direction finder) Dittmar, C. R.; sea-water analyses of____ 692 
Direction finder station, functions of___-- al3  Dirnal, defined c2e7es........21. 922 
pncio.adefined.__ +... hanHoh in.dte o42° —Dinrnalicircle eee 367, 922 
Direction theodolite_____-_-_-__-_------ 839 Diurnal current, defined____-------____- 922 
wses0fs_. .. heaAeb wawrgy 25_telog_ 2h 851 dis@ussédeset. 45 8s eentyet wool ae 713 
Directional antenna, discovery of____-_-- 58 Diurnal inequality of tide or tidal cur- 
Directional gyro compass, for aircraft__-. 672 rents defined . [222222 . Sete ort 922 
igi kals vomees She Sel ee ee nee 88 Diurnal libration of moon_____---------- 362 
(See also Gyro . . ., Gyroscope) Dinrnal’motion, defined.c-- - =. 4 ee 922 
Directional transmission, of radio signals_ 307 #Diurnal tide_______________________- 705, 922 
Directions, sailing (see Sailing direction(s)) Divergence, of waves --_-__~--- fe en ey 737 
Directive force, defined_____-_-_-------- 922 Dividend, dsihed. fc-cc 2. eee eee 1011 
Directrix of parabola. __ — S.sxestyb- sca as 1028 Dividers defineéadm SGnaia. -— = ae 922 
Discontinuance of chart, defined___-__~--- 888 descriptiomand Use"ol 25.52 eee ae 121 
Discovery II, oceanographic expeditions of. 692 PLO pOrviong |e wee eee eee 845 
Dispersion of light, effect on refraction---_ 432 proportionaltandtspacing- 22 _=2==e=—- — 889 
Disposition of lights, defined _-__--__----- 922 Spacinguccresceres socecs Te 847 
Distance, angular, defined__--- - -- - -- -- 134, 911 mseroteineplovting==#-=s-22e see sees 214, 215 
astronomical, units of 222525522 2+. 351-353 Division, of algebraic expressions--- ----- 1018 
(GOGINCG sata 2b oe i ER eae 65 bydlogarithmes. eee eee 1014 
difference measurements____-_-_.--. 309-312 of numbers, explained_-==2-2--=-2.-=2 1011 
differences of, measurement of __ ---- 309-312 Divisor,-defined222 244g Ves 2 eS 1011 
and direction, by electronics __------ 313-331 D’Ocagne, Maurice;  altitude-azimuth 
great-circle, elitiedsseien 66, 927 raph -ofs.2 JPeCR OO = = no an OT 555-557 
POSHUrIZOI LAbDIe Sass" sss om ee 1254 HDockerdehned Awe - pss Lea Ae LE 922 
explanation (Cie pots dat eee See a Lis? Doldrums, weather-in..2-9 524 2222222 2 797 
DD AG erey ce et tires A Sra pent mon 627-629 Dolphin, definition and chart symbol__-. 110 
in land navigation, discussed ___-_-- 668 Dome, chart definition of__-_----------- 115 
Teriigeed terrain so eos Sane 665  Doniol, R.; sight reduction tables of------ 532 
irliteboat navigation 2222. /- 2-2 -+- Gol Moppler effect; defined== "2-22 2__ 222 - 922 
measurement of, by electronics__---_ 313-331 principles of, in speed measurement __- 308 
is tPUMentemOrecerse sos ses rss 2S 842 Doppler navigation, ya RInCralie == eee 60, 673 
on Mercator projection________ ----- a CSC bod ee ee eet ey 220, 567 
methods: setae sso es POUR 125-131 GES UMLATINGs cea ee oe oe ee 608 
on.nauticalichart..._..-_ 2 1419 © BOO oe Pee cane ee ee 922 
on polar azimuthal equidistant pro- 88 Double interpolation, defined’ = ase eee 1045 
Oe Eee nner rt eee merhouds {Ol... ..-~ -=-4-tee ses 1048-1049 
by radio-------------.--_------. US auD Double pulsing, defined _.-_). 2.4525-2-- 922 
by two bearings, table 7______-_ 1248-1253 p , ae 
explanation Ole S24. 10- SNAIMLIG 5 1187 Double star-__-_------------------------ 
i 23 
by underwater sound__--__---------- 742). Mouwhlebtides. 2.2. 522252258220 - 706, 9 
by vertical angle, table 9__---_-- 1255-1259 Doubling angle on bow, defined _-------- 923 


1476 INDEX 
Page Page 
in piloting Ges. --< . 2. Sesaiieeene 255 Earth—Continued 
Dozier, Charles T.; sight reduction method secular change ofioL28 224_US_0i.00 161 
Oley bp oa ye 548-549 magnetic field of—Continued 
Drafts defined <2 4)... .=. eee. 92 units of measurement_____________- 161 
Drafting, of chart original______________ 896 (See also Compass adjustment, Com- 
Drafting instruments, for chart construc- pass compensation, Magnetic field, 
tionst Yrtetehiuns tadtsinine ays Wes 888 Magnetism) 
for hydrographic surveying___________ 844 magnetic poles of 22) //2285. suis 161 
Drafting machine, defined______________ 923 motion of, cause of seasons_________ 371-373 
description and use of______-______-_- 123 oceans on, extent ofs—_..---.-D9seae 691 
Drawing material, for chart construction. 891 orbit..of2e _ wss332 5 eee 370 
Dredge, bottom sampler________________ 700 orbitalspeed oft. 9. ins 955 
Dreisonstok, J. Y.; sight reduction tables polariaxisiof syussu24 So: .sostaiveschs 63 
ane BERS eel SA a cage 57, 98, 526, 534 position ion 4. ...... __ Stes seo 64 
Drift, of current, in celestial navigation__ 461 precession Of axis... 5-Ss5.-5-= em 373 
defined Saas 5 alee a eieen 217, 923 revolution of, effects of_.__/290_222 022 369 
discussed... ..-4.35 2425. .458 eee 712 rotation of, effects of 2242 _22 222.22 367-369 
Ofiicese. Seetes Nieves. Leretge pe. 753 shape oft. ...._... «aaa Toseaeee = 62 
Drift angle, in air navigation, defined___ 672 historical.a! 2s5. 12.2 ea = 35 
Drift correction angle, in air navigation, size determination, by Eratosthenes____ 18 
defined )..rs_ceenieieeneeissoenesay 672 bysPicard as... 52.1.0 ue 
Drift current, defined________________ 718, 923 by, Posidonius_#!re 30_e3 anerget anh 19 
Driftleadidefined’: 422.5525 aoe 923 as spheroid eaeeeet. =... eee 357, 427 
‘Drogue’, defined! 25es225 ee... meee! 923 tropospheresof_ 2.5 22 es aes 358-360 
Dry compass, defined__________________ 923 Earth inductor compass, defined________ 923 
Dry hazeai« Ac=ereeio: 20 Feiedale wipe! s 809 Earthshinevontmoon2s.95958_2si2esebn 377 
Dry-bulb temperature (thermometer)-_.__. 779 East Australia current.___.____________ 724 
Duet, of radio waves___-.=_- 22 2242__=. 292 East Greenland current________________ 722 
Dudley, Robert; Arcano del Mare of ____-_ 34 . Wasting; defined._..._...____ Dennen ibe 923 
DuFay, positive and negative electricity, Ebb, of current defined. a52us _7s0nn 16 923 
discoveryrof <p _.owst _ spite pene dliyrh 57 discussed Seaenaue -- fen Reds. to. molt 7613 
Dumb compass, defined________________ 923 time:of! S23... 2=s5Ss0 a ibe tas 274 
Dunn; Samueligaeets: Sa sey. stares a 34 greater, defineds.._) 5 eee 927 
Dusinberre, H. W.; sight reduction lesser, defined: noiieesip bet esis 933 
amethod of... 22 - <n sccn 3-2. See. See S64 Maximum definedsel. Galas wana fa 935 
DUS (dS Vil. sts ey thoey peneewg 2 tren | 807 strengthiof,defineds=. =. eas 712 
Dustiwhirlaus 2982-3. teeBah, sewer | 807 Ebsen, Julius; azimuth tables of_________ 570 
Dutchman’s log, history of..__________ 24,127 LKccentric point of survey, defined________ 856 
in lifeboatmavigationl222_ at 652 LEccentricity, of ‘conic sections, relation- 
im) polar navigation=._2--2_.__ saan 629 ships. .RowiLA Jol eres _onem jeg 1028 
Dynamic pressure, of water_____________ 128 = elie oi loner iaeieep Fe en 
: of:hyperbolaeeizs>.. 1 ae? eee 
Dyne, unit of force, defined_____________ 765 of oxbiatiiealiue tn -nolaiamass! Gill 3e4 
E-layer of ionosphere.__________________ of parabola tere) yl) Bas 20 1028 
Fulink, déined Sera AOAU BD oe Eeho, .of radarseie sc... -2agheb 2970! a 309 
BeseT Ded ee en 185 Echo ranging, defined__________________ 923 
Earnshaw, Thomas; development of chro- Echo sounder, defined__________________ 923 
VOUTTCUG Rise ie Sr , eer weal he ae feed Jie 47 peat a Tha ~-------------------- oe be 
Harth atmosphere of--------._- 3 358-360 evelopment Or — —— == , 
axis of folenen it eee ae Pee ea 2 4 63 Pees eee Salted Poor ae yi 
circles of en cahtee tentacle enrol A3 OF nantom| boviontea 1 O00 eile 134, 744 
climatic. zonesiot s-. see tate plges 373 in polar TERIONS - ~~ - = ne aoe 635 
compared with other planets__________ 964 principle of_________- Ap MANELE Gar Sa 309 
dimensions of.____._.___._.. 62, 357, 956-958 (See also Bottom relief, Navigational 
Ginectionyo nas = seas ee ae > 66 practice, Sound) 
distance Onie = 526 ca ak. =. a oe eee 63, 65 Echo sounding, defiriédi~ "a. fe ae 923 
escapenvelocity 1rome. — = sees oe 358 Olgint Of Sa. Pee eee 28 
features Ol. toces dcp, hee hein ale 357-360 Eclipse, annular, defined_____________ 380, 911 
FIQUPCS, Of ation: 2k pee ee es 956-958 defined” ont a tie ot Se 923 
Py 40) 1 Aa Spe ON Sid Pht der ely 358, 427 CXDIMINCG 92. o-2 = eh 379-381 
magnetic field of, anomalies___________ 161 longitude Dy or hoo gente ee oo 38, 44 
charts Of. 22-40 eyacent te. ween ie 162 Ut aaa eae Dit yb wane yo 379 
dinrnalichangerofaee =o) e ol ne 161 SAaTOS CY Clel-6 5 2 ee Le 381 
elements (components) of________ 161-162 VOta) 2 ee a ee 2 379 
geomagnetic coordinates____________ 1625 | Hiclipticycdetin ed sasg gee eee meee 370, 923 
atshigh altitudes... eeu ane) seen 162 and MOOMSsOLbit =. — — | emp eee 381 
intensity ols io Sun. 5 2222 eee 161 motions of celestial bodies in._._____ 370-373 


at magnetic equator_______________ 161 


auemagnetic polestaas. 555 =n mane 161 
measurementiof_ 22. uate! Jee 162 
in polargnegions= 42.) 10.0) Seen 616 
PROD CLUCS Of = maa ee oe oe 160-162 


significant points of__...________e_-e< 371 
system of coordinates on_____________ 387 
Ecliptic diagram, of Air Almanac_____. 479, 586 


INDEX 


Page 
star identification by_____¥.222h429..2 586 
Ecliptic pole, defined_______________- 387, 923 
Kcliptic system of coordinates, defined___ 923 
Gescribed bee eee 387 
Eddy, chart symbol for______._________ 110 
Eddy current, defined__________-________ 718 
Eddy viscosity of sea water_____________ 697 
Egypt, early astronomy in______________ 35 
Einstein, Albert; relativity theory of____ 39, 355 
Ekman, V. W. ; ocean current investigations 
Ody Le See Oe We ee STs 692 
Electric current, defined________________ 289 
Electrical conductivity of sea water______ 698 
Electricity, first communication by _-__-___ 58 
HISGONVEOLS or EOD ONES 57 
(See also Electronics) 
Electrode, defined. cen = Sw 923 
Electromagnetic energy, defined_________ 923 
reflection of, Marconi on_____________ 58 
Electromagnetic log_-___---.__-.__:___- 128 
Electromagnetic radiation______________ 290 
(See also Radio waves) 
Electromagnetic spectrum ____________ 290-291 


Electromagnetic theory of light, historical_ 58 
Electromagnetic waves (see Radio waves) 


scat 2a Sa ees, ts 289 
RIS CONV ECD Olea ae FS cee a a pm cicinl 58 
MMG@MONS oS 2-1 ot EAI 293 

mieetron pun. ___. =... J {ALeaiowne 2 948 302 


Electronic computors, inspeetion tables 
COMPULCd Dyes poe ok = 2 OE 59 


Electronic control in surveying__________ 858 
Electronic navigation, of aircraft____-___ 59, 674 
Charts fone es shelwtwes IPRA AUOCIE 96 
(See also Chart(s)) 
Gofined + ies’ deh eee cece ee ecccass 923 
ihistonynofe eee ere OE SEDER OD 57 
Onelanid seed lan AO? OS i 1 669 
an! polarsregions== += cLe<scLen 7: et 633-635 
publicationsfor.aa2 Pe ee re De 96 
Fist Ore eee Te Me A iste ee 1003 
BEODEGs0 ae eete We ee = Se eats 62, 304 
(See also Radar, Radio, Radio waves) 
Electronic navigational aids (See Radio 
_ Navigational Aids) 
Electronic position indicator______-_---- 330 


Gevelopmient Of s4e' see so a 59 
Blectronies, defined___...--.-L.--=_+ 
direction and distance by_____------ 313-331 
first application to navigation___-_----- 58 
IDISCOLY Ole tee eter sate oats Ala= =o tte 


MPA VIP OMe mer see noe eee. oe 304-312 
in celestial navigation_---_---------- 304 
LIMA CCKONIN GD. Men aes oo res 304 
ATI UO UND See ae en Nt hoe srr eS 279, 304 
In POLATsTeRIONSE —o. t tt. bak 633-635 

FACIONSCXUAUL Sere soe ec ace oooh, sac 304 


use of for weather observations___-_---- 59 
(See also Electricity, Electronic naviga- 


gation, Radio propagation, Radio 
waves) 
Blektris--— 3.4.4. -saendaanat) ae) 307, 317 
Element, of cone, defined______-_-------- 1027 
Giacylinder, defineds. -52.-....--...4¢ 1026 
Elements of Navigation, of Robertson_---- 34 
Elevated pole, defined____----------- 382, 923 
Elevations on charts_--=-=-.-2_---.--_-- 114 
Birzabechilseeer Sreeres cel eee f oo 50 
Ellipse, description and properties of-_---- 1027 
ilipsoid; detined= #ee on nenaact fase == 923 
of revolution, earth as______-_------- 357 
Ellsworth, Lincoln; polar tables of_- - ---- 638 


1477 

Page 

Ellsworth Tables, for polar navigation____ 638 
El Nifio, described2e25_ 2 AS, 701 
Elongation, greatest, defined____________ 927 
of planet, explained____-___=_.._2 22 376 


Encisco, Martin Fernandez de__________ 32 


Endless tangent screw, defined__________ 923 
Endless tangent screw sextant__________ 401 
Engine revolution counter, defined______- 923 
Engineers, Corps of (U. S.); maintenance 
of aids to navigation by_____________- 261 
Engineer's levela S224 ea b8 + 841 
Enteringsporteve 2.- sseeeneebekcn oe 3 601-603 
Bphemeris; defined: -2=s222222---208252 924 
of Regiomontanus________.___._____- 51 
(See also American Ephemeris and Nau- 
tical Almanac, The; American Nautical 
Almanac, The) 
Ephemeris and Nautical Almanac, The 
(see American Ephemeris and Nautical 
Almanac, The) 
Ephemeris time, defined_____________- 375, 496 
Epicenter of seismic sea waves__________ a 
Epicyclesplan\ ofs-=4=- <=-- 2895s. See 36 
Epistola de Magnete, of Peregrinus de 
Maricourt. 22 yssieesl aes - Eset 23 
Epitome of Navigation, of Norie________- 34 
Epoch, sdefined 2euc ket GS Ee 29 _ Bs 924 
Equal altitudes, circle of, defined________ 916 
definieds?...ietuwel-.--endscesecceee 924 
(See also Altitude) 
Equal areas, Kepler’s law of____________ 38 
Equal triangles, defined_-____-------___- 1023 
Hquation, defined -.-=-=-=-.-eaines AS 1017 
differential, defined-_---------2--___ 2 1044 
Equation of time, defined___-___-___-_- 375, 924 
by nautical.almanacJ-3i--2--.2 22 478 
MSC, Ob Jide ethan cee doe Soe. Weg 495 
Equator, celestial, defined ___________- 382, 915 
defined 5.20 Sa. J2 Joao OO. 64, 924 
fictitious, of transverse and oblique 
Mercator projections_______-----_-- 74 
malactiC...-<<es-25----.. 0M ied soem 387 
geomagnetic, defined_____-----_--1___ 927 
magnetic, defined22 22224252 22922 164, 935 
earth's. field at==---=-=teeulls 2aN3 161 
(See also Celestial equator) 
Equatorial Azimuth-Table, An; of Goodwin. 571 
Equatorial chart, defined_____-_-_------- 924 
Equatorial countercurrent, in Atlantic 
OCe@an 355 ces ot seasneHeetesea ee 719 
in Indian. Ocean. 22 se2 s22 eee eee 724 
1 ARaciic OCean..2. --s=c2ceaae pase ee 723 
Equatorial current, in oceanic circulation_ Gey 
NGA) acececectasewoe=eesssse st Oeeee 714 
Equatorial cylindrical orthomorphic pro- 
jection (see Projection(s)) 
Equatorial horizontal parallax, defined._ 435 
Of MOON. = coe cae ena ee ne SS SNe 362 
Equatorial projection (see Projection(s)) 
Hquatorial tide_..c2------=-.22e2ee8 = 06, 924 
Equiangular polygon, defined - ----_------ 1023 
Equiangular triangle, defined - - - ------_- 1022 
Equilateral polygon, defined _-_-_--_----- 1023 
Equilateral triangle, defined_--_-_------ 1022 
Equinoctial, defined. ..2¥e22u2222- 22-2 924 
(See also Celestial equator) 
Equinoctial tides, defined_-__.----=------- 924 
Hqtinoctialsyearssce See 22225 sate 370 
Equinox, autumnalks sss -he22-2 222.222 - 913 
defined —-4-6- -ehree ens ttastesesS= 924 
Explained 2e-esem eee anne cereale es 371 
March=2-=22-222=- 5222072 0eee—= 373, 935 
Peptember-==<--=.22225sescecaseeeeee 373 


1478 sae ale 


Page 
vermaliyy soltenicnor apie ah _soldell 371, 952 
Equinoxes, precession of, defined_______- 940 
discovery. of... -perPeh- sesgeee 4 37, 48 
explained: _..52.---- erates eee 373 
rate of .g2ec-cshieck sco! ett 955 
(See also Nutation) 
Equisignal, of consol_-__-_---___-_-___ 316 
Eratosthenes, armillary sphere of________ 48 
determination of earth’s size by_______- 18 
Winds; Off ec er 8 ap Sree reed Se ep tee eh ol 18, 23 
Error(s), acceleration, altitude correction 
Rear: er Sioa i <x sonia oO 428 
Ofisextant._ sieet seose eat eee 417 
ballistic damping, defined____________ 913 
ballistic deflection, defined____________ 913 
Of banometers sees te =n 8S. meee S 768-769 
centering, defined. _ = _- 2.8) -seeee 916 
of. sextantasoo4h. - Sean. ben. eo 411 
chronometer, defined_______________ 418, 916 
determination of_______________- 490-491 
collimation, of sextant_______________ 414 
combinations Of 22222 --- =heh- 682-685 
compassdefined.—.___ +. 3m ply ae 918 
(See also Compass error) 
constant. 458as4. 22 2 680, 918 
course, defined - 32a ee een Sa 919 
damping, of gyro compass____________ 148 
computation of for polar regions__ 151 
defined nitn2 =: dneny pod Baan es = Bu 678 
fifty percent. 5-32 ak Ug ER ye 681 
Gaussin, defined__________________ 193, 926 
gimballing wdefined' = _ -Sa2858_ salacnts 927 
offgyro;compass=__ 2. 2. Sea ee oe 150 
graduation sdefined]_ = -se=sam seisae 927 
ofxsextant__.-.... SanRahk eet be 411 
gyroyaefined: _....._... saynante feat 146, 929 
inppolarsrepions soe. ee 625 
heeling «cause of... beaSah_ievaese_ = 186 
(See also Heeling . . .) 
INdeXepetidy ea. eeausaet 4 413-414, 931 
installation, defined__________________ 931 
instrument, defined__________________ 931 
(See also Instrument(s)) 
intercardinal rolling, defined__________ 931 
of gyro compass__-______ ste Seb is 150 
lorany sources’ of - feceetes: fejeuae 4«- 338-339 
MiSs (AKC traf 9 hn eh ont dt reve Bs | 679, 687 
navigational (see Navigational errors) 
normal icurve Ofep =e eee Sats 681 
DETIONIOUEE PEE Se. cons macwieno cate 682 
of perpendicularity, defined___________ 924 
persona) EOE oe ess ee 408, 422, 939 
polarization, of radio waves_____ 295, 314, 940 
prismatiendefined= = 322 e22,2- 55500028 941 
ofisextante sere Wlancee 411 
probable, in dead reckoning_________ 685-687 
efined.._ ._....-. (ieteoiieptas4 sph _4 681 
quadrantal, defined__________________ 941 
Oi Parade) (Garey once SNON | ES) 150 
ofjradio, bearings##l see) so2iyslans Joe 313 
randoms defined: 225.5-.--)— Shae fam 943 
discussed... beatish suancios ee 680-682 
rectangular.! “:. shastehicelanahe} <elye 682 
TOOUMEAaN SQUaTC__ Semen. seule. pee 681 
scale, on polar stereographic projection_ 88 
of sextant, acceleration_______________ 417 
centering) \5_Suatenieres_ ty lingia) aele 411 
collimation ude... ..hpaniieh <aii¢ leit 414 
graduation 2c emececeu cakes eee 411 
horizontglasse:uuge. _- teeneiehiee 412-413 
inde xrrent Wes ea ee ce 413-414 
index:mirrorsae = ae ee eee 412-413 
instrumentals. oon cine cl 412 
DIIsMati Cw Sos oe ey a 411 


Page 

Error(s)—Continued 

shade. 2S 222--2--..--8ee95-Siee3 411 
of sextant—Continued 
BIdOr oh epepeehs pete pet oye Pee 413 
telescope! 3222-22 242 23h Sree eee 414 
(See also Sextant, Sextant altitude 
correction(s)) 
sextant error, defined__________--_____ 946 
shade, defined=ss<t2 222e)ee7_ ach 946 
of.:sextantSesesltacuiscesnp: Ww 411 
side defined =< 5 5. 946 
of sextant... Sasifinkh Joanie 413 
speed, computation of for polar regions_ 151 
defineds...+4_cebasizeeunes tB ak 948 
offi gyro COMpass.<-..< me 146-148 

standard deviation... _ _- 2. 222iee3_222 681 

station, defined =... henleh sh 948 

swirl, defined. 228s: .<>2ms sieneam 949 

systematic.:.... mp ieee 679-680, 949 

telescope, of sextant. _-_..-35isisenuas 414 

temperature, of barometer____________ 769 

definedse=-.+ _._._ (eave of ae onbs 949 
itermsidefined__.._._._avstineqei Horm 678-682 
tilt, definedssui jeyi! ip shed) nitsogam 950 

of séxtantyatvel 25s) sores ait 422 
Wishapedie sis 2 5- a 682 
Si Uc Se es rn 419, 952 

determinationjofe.- = seas oe 492-494 

(See also Correction (s)) 

Escape, velocity of, from earth__________ 358 

fromymoon._.. -2..---2-52 = Be 363 

Eskimo Place Names and Aids to Conversa- 
tion. (H.O. Mise.,10578) - 22 4--2-==—- 101 

Establishment, defined_______.__________ 924 
of the;port2ae=r*=... 3 <p\4—.e 268, 709 
SALUT eee A yc re Spence RR ia 709, 952 
(See also Lunitidal interval, Tide) 

Estimated position, defined____________ 62, 924 
An DMOUING Sat. Aree babe 6 pene 258 
(See also Navigational errors, Position(s)) 

Estimated time of arrival, in air naviga- 

LO Wp ee 676 
Eudoxus.of Cuiduse So. —.%..t senha costs 36 
Kulerian motion, defined__.____________ 370 
Euphotic zone, defined_________________ 701 
Eurus, ancient wind name______________ 23 
Evening star, defined__________________ 377 
Excelsior Azimuth and Position Finding 

Lables of Blackburne----=-- >= ams 525 
Excess of arc, defined_2_ 09520" _ 57) 408 924 
Exercises, of Blundeville_.._____________ 34 
Ex-meridian altitude, discussed_________ 518 

history of 2..--.---2--2-- > <- Sewn 43 
Ex-meridian observation, defined________ 924 
Exosphere- = vec =< --- 2 =~ SA ROROgs eee 360 
Expansion, thermal, of sea water________ 698 
Experimental Air Navigation Tables, devel- 

opment Of=.- 2. = ~~ 72s as eee 545 

Heard’s modification of______________ 545 
Explement)"defined= 22. =) 722.9. 924, 1021 
Explementary angles, defined___________ 1021 
Exploration of the Sea, International 

ouncil for; Copenhagen_____________ 692 

Exploratory survey, procedure for_____ 862-863 

Exponent]: e.2-. 22ccex ue Dent 1005, 1010 

Exterior angle of triangle, defined_______ 1023 

Extracting a root, defined______________ 1012 

Extragalactic nebula__._______.2__.___- 366 

Extrapolation, defined______________ 924, 1045 
principles’ Obs 23S eee ae 1050 

Extratropical"¢yclone__ 2S DO ee 806 

Extremely high frequency, defined_______ 924 

Eye, of the storm, defined_______________ 924 
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wall. of thet ac-tpiaa=. see Ot Rtn Rode Chishing charts s2ee aes 2 5-5. Bayt 101 
@ecoil defined --.  nnnmnsencmnmnnnen te DO4- “hrvcelestialje-2 22. an eke nese oct 547-550 
F-layer of ionosphere_--_-----------_-- 293 computation of without plotting ____ 547 
F-Tafel, of German Navy-------------- 536 defined = 23 es.. ecee Sy. Upbeaes 915 
Face, of polyhedron, defined ------------ 1025 one-bodys_ 24.225. Suse eae 550-554 
of pyramid, defined... -.----- suse 1026 plotting of, discussed __---------- 455-458 
Factoring of algebraic expressions -_ _ ___-_- 1018 definedat eis Se Soa eee 925 
Bade dehnedsiae fe. 8 nee =->---15 924 by horizontal angle’___-_-_--_____+=28 245 
Fading, of loran signals- --------------- 337 COLTEC ONS HOLS ora ee ane. ae 446 
of radio, waves... __--~-bs<8sh-sas5-. 2 295 labelingyoisesec..o-) oe 2ee-—eee es 216 


Fahrenheit temperature, defined______- 775, 924 
9 


Hair, tide,.defineds.2--t-ceu Seeds ase 24 
aiwind,; defined oi <1. 6+)... $y--Aat. 924 
ialeiro,, Ruy-esh- 22 destewteen=Tu sek 17, 44 
Halkland ourrentea<7 sokohd sacs iss 723 
SU GWwaANG oes =f aoe A Se ota 807 
Falling tide, defined-_....------------- 924 
False cross, southern, movement of pole 
TOW ALO sete = Satine SS Sos 373 
position. Ofte == ewe as = 2. = 580, 582 
aise horizon; defined_- .....__._-. 28208 924 
AMIN APEC IS 5 hep Picts... — SINS 8 675 
Haz .vanetidefinedsislsno: Le ULLAL Ss 924 
Faraday, Michael; electromagnetic induc- 

(At a ee ees eee crite ee 58 
BAS GC es tere SO SELIM FO SISTER SF 748 
Fata morgana, defined___-__---_------ 809, 924 
Fathom, conversion factors_------------ 958 

SOT So eee SS See ee ee Se 924 

ONigI Of. 5 Se Oe. Sates wes 26,27 
Fathom curve (line), defined_______-_---- 924 
Bathometer,, defined 95o)2220) ks seu Lees 924 
Fathoms, feet, meters; table 21______-__- 1277 

explanation of..= 3aGsas sail Sa_euUse 1192 
Favé, L.; sight reduction diagram of ---_-- 557 

sight reduction method of_-__--------- 563 
Favorable current, defined________------ 924 
Favorable wind, defined____________---- 924 
Federal Aviation Agency, publications 

Oli ee a oe ae = — 94, 671, 1004 
Federal Communications Commission__-- 1003 
Feeder current__----------- DB Arie TEAL 740 
Feel the bottom, defined__-____--_.----- 924 
Feet, fathoms, meters; table 21____------ 127% 

explanabioncol..2.5.4-— Seon gas 2 1192 
Ferrel, William; psychrometric formula 

Ole See ase Eee 1190, 1191 
Fessenden, R. A.; discovery of directional 

CIRCE Che 2A SO ree eae es oF 58 
Fetch of wave, defined_-__-_------------ (2b 
Fictitious coordinates, on transverse 

Mexcator projection____ . Sss2js2- -4245- 88 
Fictitious craft, defined___-------------- 925 
MictitiolseratiCule..i.5e. <s-pagl seq 74 
Fictitious latitude (longitude), defined___. 925 
Fictitious meridian (parallel)_----------- 76 
Mone a 74 
Fictitious rhumb line, defined_---- -- --- 76, 925 

NBD OLAN CTC oo Sec 5 618 
Fidelity of radio receiver --------------- 301 
Bel nO COs a ae ih eta ys a 749 

magnetic (see Magnetic field, Mag- 

netism) 

PCTOLG Art | OCUNCC ee soi ee ee 888 
Mitty; percent €lrOl. s2 je oeB A 4225 <5 681 
Filling of low pressure area_------------ 802 
HICCTROL SCX CAI UR. feats 9 sey Fs iS A 400 
Final great-circle course, defined - - - - - - - - 925 
ni Werde ay OCH ne G sree ere 925 
Finite number, defined. --_--_------------ 1005 
NeW Ale ert ee ee eet eS 365 
First estimate-second estimate method, 

DITO G Mecano he peer eel 925 
First point of Aries_--------- 373, 471-472, 925 
First quarter of moon_-_------.-~------- 378 
Hishwechoes 1rOMee 9-29 en 6 === — = 134 

BOUND CSKILO INS saree ee ee eee 742 
ishistakes,dennedss2e 4-2-2 25-.. —--2= 925 


running, allowance for current - ---- 252-254 
by bearings on single object --- -_- 254-255 
by bow and beam bearings - - - - - -- -- 255 
by celestial observations_______--- 458-460 
defined..= = oA ae 2 2 Se See ee ae 944 
CISC\ISSEGSr= kt es ee ee eee 248 
by doubling angle on bow- --------- 255 
effect of current upon_--_--------- 249-254 
QrrorsiOle ust. 2 eee ee oe 248-254 
methods of obtaining_-_-___--_--- 248-255 
by seven-eighths rule_------------- 255 
by seven-tenths rule_-__-__-------- 255 
by seven-thirds rule___-_---------- 255 

types. of, discussed__..- 55-2225. 2/5. 243-245 


(See also Navigational errors, Position(s), 
Sight reduction) 


Fixed and flashing light, defined______---. 925 
Fixed and group flashing light, defined_._._ 925 
FKixeddight; defined =. .2 453-955-422 == 925 
Flagpole (staff, tower), chart definition of. 115 
Flamsteed, John; first Astronomer Royal- 50 

starmmumbers of... - =. =a ase 576 
Piashing,,definedij2-=-—-— => saa 925 

described: .4- peo =. = eae 207 
Flashing light, defined--_-__.----------- 925 
Fleet Weather Central, Navy----------- 815 


Fleming, John A.; development of vacu- 
um«tubelbysaj2.=-lantab. seas £28 58 


Flight Information Publications _-_------- 671 
Bight planning sees sss see= eee ee 676 
Flinders; Matthews oe See 24, 179 


Minders bar, defined 224 saeeeee se 925 


description-ofieei cri aa nee ee 179 
determination of length, ‘‘drop-in”’ 
method BSB to 2s rst 188 
effect of permanent magnets upon__---_-_ 188 
length of, determination of - - -_----- 180-183 
Origin Of . <2 rao oe MO Se 24, 179 
removal during magnetic treatment__.__ 207 
ROUGING CHECKS. Of es re 195 
Kesting, of. JV ase Ss Jo See Sone 180 
(See also Compass adjustment, Devia- 
tion) 
Hioat; chart symbol-forsvwl2 2. Sss== S22 113 
Float’ chamber, defined ete o52: 125 22 925 
Float gage for tide measurement - - -- - -- 844 
Floating ballistic of gyro compass - - - - -- 150 
Widendefined nae. .5 ar 925 
FOTMAtION, Of poet ee ae = 749 
Rloeberg,.defined= =... see use 925 
Flood, of current, defined2-----___-__-=— 712 
lesser, Gefined sts") Sov ee see 933 
maximum, detineds.2- 50-2) o5-2-=-o- 935 
strength of, detnedss 5-55 —2----— 712 
loogucurrent Gefinedse ess esse. = 925 
Hime COMIPUtAbION Ofase = == oo ae 274 
Micridatcutrentesss 238 eee 721 
Flux Gate (see Gyro Flux Gate compass) 
Flyback of cathode ray tube------------ 303 
Foam line of rip current__-------------- 740 
Focal length, defined_------------------ 925 
Focal point, defined - - - ---------------- 925 
of ellipsesee]-) = --=--------=-=---—— 1027 
of hyperbola_---_-------------------- 1028 
of parabola. _..---.----------------- 1028 
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us, defined=22-2.2=22=seesee eet 925 =Eront, cold, defineds.--.-cetsuee ee 91 
oor ellipse®S* 5. se" 29 e622 ses) ee ae 1027 Gefined aerate toe 926 
Of hyperbola semua esate soe Oe 1028 occluded 222225... -.. eS ee 802, 938 
Of parabola. Vececeee ses ass eee ae 1028 warm) defined ==. == 5 ass. eneer © 801, 952 
Kocusins"anodes 222022 2a55.5)5.ssamee 302 Frontal surface, defined_____-________ 801, 926 
Roéhn@s 2" s 2225252225 Seah; sae 806 Prost, defined 3ss2525 4. ose ee 778 
Ros acy ectio les seem ae eas anne 807 reat smoke... S2eejig Sele 614, 808 
Califomial: 520 ==: = saan bane 808 defined po ai secten eee a 926 
defined. 20 Sane ae: eee en ne 779, 925 effect of on sextant observations_______ 425 
ie'lOReree esse euetsnatekee tem ae 808 Frustum of cone, defined______________- 1027 
Mavi Sa tion ines = 2 ae eee wee Ne eens 604 Fueéus; defined: ponte: seemaomiiies 109 
radiation -fog. 22ST Fel S72 ee $07 Full moon, ‘explained 222222222 mt 378 
steantfog, definedio: Sat 7-00 Seu rene 948 Function, defined..2°-5..-. . pommnen on 1041 
by pes 012 => 22 SReie nom tener Pater Seal 807 (See also Trigonometry) ; 
Fog signal, chart symbol for, described___ 113° Functional Glossary of Ice Terminology, A 
illustratedses sesso se. eee hee 994 CE OS PubtyNowi609) ee a ee 762 
defined (= -eceeso2o soos sce 925 Fuss, V. E.; sight reduction tables of___ 57, 537 
description of, in light list____________ 97 
maintenance: ofa... sae eae ee ; ae 
eee area pert rene eet oe ee at ya dete e Joost bana: ade eeReS one 
Bada Coata. oA BikstoWedinad antic alactictequators: Jas eee 5. 2 eee 
pets Ae ee eee uction 539 Galactic latitude and longitude, measure- 2 
Foot, British, conversion factors_________ 958 mentiohTulAvergseuxtesh. idheieiMe 2G zee 
Lengua Unit. Ori gino lean me 26 Galactic nebula________ Paar ineuaane aaa 387 
United States, conversion factors______ 958 Galactic system of coordinates -____- fowwig Ba 
(See also Units of measurement) Galathea, oceanographic expeditions of ___ Fs 
Foraminifera, defined.) ) 2. nl. es 109 Galaxy (galaxies), defined____..-_.___-- 926 
sean fetes of Meme ee 8 we 366-367 
Force, units fat _, Ber ai Sen ow tail 765 ¢ : 387 
Forecasting the weather______________ 815-817 galactic system of coordinates________- 
Form line,’on charts 2en. (2) eo). danny 114. Galilei, Galileo; contributions of_________ 38 
definedéy (ot semia mowed: Goth < atol bo 925 determination of longitude by________- 44 
Forms, computation_______________ 1052-1058 improvement to telescope by_________- 50 
Foucault, ‘Leone: 2 fess DO 24, 141 pendulum as time keeper________ ~--- = 
Roucault) pendulumes) seus sennns sian 141 on rotation of suna=s 22) juubes same Le 5 
Foul berth, defined. x. .- 20 60 395% A 925 on theories of Copernicusize: seth 37 
Four-course range______............. 317, 675 Gallon, conversion factors______________ 962 
(See also Radio range) : Galvanometer, reflecting, of Weber_-_-____ 58 
Four-point bearing, defined_____________ 926 Gamma, magnetic unit, defined_________ Ad 
Fox, Charles; sight reduction method of.. 548 Garcia, ‘short’? method of______________ Be 
Fractions, rules for handling____________ 1019 Gas buoy, defined sen? 4. 28g iekye sous) 9 
Fram, oceanographic expeditions of______ 692 (See also Lighted buoy) 
Brame of sextant.._. >> Maaae eae 399 ~=36—- Gauss, Karl; reflecting galvanometer of __ 58 
Freight ton, conversion factors__________ 962 Gauss, magnetic unit, defined_________ 203, 926 
Frequency, audio, defined____________ 291,912 Gaussin error, defined______________- 193, 926 
beat aie Son ie Se ee 309 Gee;*detinedtt®. Seioioieeny sells 926 
comparison, of Decca________________ 345 development.Ol 220 6s5255s8nmeeaas 59 
efined >. 3-2" Se eatieniayah: ae of 926 principles of9Be 79 2 tereOiD « ah Bos 343-344 
extremely high, defined____1])) 77a. _ 924 Gegenschein’ 7). _.___)_ stale rece = SERMOSES 
hig hi define dies eae 4 iii nies 930 GEK (see Geomagnetic electrokineto- 
how, defined’. =) <> ha plea te wee 934 graph) 
maximum usable, of radio waves______ 294 General chart, defined____._______.__ 104, 926 
medinimjdefinedattati, pacers!) ysie 936 General precession of equinoxes_________ 3 
radia, defined. one... ae eee 942  Geocentric latitude, defined___________ 382, 926 
of radio waves, channels of___________ 299 Geocentric parallax, defined__________ 435, 926 
effect of on transmission__________ 298-299 of moon. 2925 s= eee) Dad were 362 
maximum usablesiu 2a 2l0_eeee 294 Geodesic, defined’. ~~.) y iea-ep 63 
regulation! ofmuisess saa: ee Saas 299 Geodesic line, defined_________..______ 926 
UMTS OT eo enon ee 290. Geodesy, defined..._._.___ =. 2 le ae 926 
Super high) defined) =). S) )ee seas) 949 Geodetic control, defined... 854 
lltra, high, defined... Saaiale 951 Geodetic control survey, defined_________ 848 
Units Of; ee bee ae 290 procedures for’... 2-2) s.,. e on 850-857 
very high define dsm sane eae 952 Geodetic latitude (longitude), defined __ 381, 926 
WON MONA CWC eo 952 Geodetic line, defined.______.__ 926 
and wave length, interconversion of____ 290 Geodetic position, defined_________ 853 
Hrequeney bands... 2 eee 291, 322 Geodetic survey, defined___...._______. 926 
charactericti¢s of. Le 298-299 Geographic latitude (longitude), defined_ 381, 926 
Frequency channels, radio._____________ 299 Geographic range, defined___.._ | 926 
Frequency modulation, defined_________ 926 of lights2) 323. _=. 23" => = =e a 263 
Of radio waveste t10e? MEt Sons Rey aes 300 Geographical mile, defined.__.._________ 65, 926 
Frequency range of radio receiver_______ 301 Geographical positions._._______ +. 5. 449, 926 
Hrequency spectrum __.. dees see 290 of celestial body, in navigational tri- 
Frigid zones. a.) Ce eel 373 alg lene ee ee 393 
Frisius, R. Gemma; De Principiis Astron- (See also Great-circle sailing, Naviga- 
OINIAE Ole en Ae eee 32 tional triangle) 
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Geographical positions, maritime____ 1060-1100 Gram, conversion factors___------------ 958 
Hindeéx of SOU 2 Souse eeu EL Oace IMOl=LI28s" Graph sdefinedsss2 22225. ee soso. => lee 927 
Geoidsdefined sea eee ee saree - 222 _ So 386, 926 Graphic scale of charts______--_------ 103, 893 
eatplitasis! <2 22-2 ----=---<---- 358,427 Graphical Construction of Wave Refraction 
Geoidal horizon, defined__------------ 386, 926 Diagrams (H.O. Pub. No. 605)_------- 738 
Geolosynotsoceans:-224-=-2=-25-- 2 See 699 Graphical solutions______------------ 555-558 
Geomagnetic electrokinetograph, current use of stereographic projection for__-__ 83 
determination by2a2 oases We 0,128  Graphique d’ Azimut, of Cornet_-_-------- 572 
defined: tie seieaeitn. were wind eet. ae O26. Grass, defineds2. 535-29 28s we a2 2 927 
Ga) SOMINeh ek 2s ee Se eee 608 onsloran*scopenta.. wean te eee eee 338 
Geomagnetic equator, defined__________- ODT Graticulescdelincd seus seers ee ee 70, 927 
Geomagnetic latitude (longitude) _____-_-- 162 fictitious, of transverse and oblique 
Geomagnetic noon (midnight) _--_------- 162 Mercator projections___-_-------=-~ 
Geomagnetic pole, defined____--_-_--- 162, 927 (See also Grid(s)) 
Geomagnetic surveys, aerial, institution Gravitation, universal law of____------- 38, 355 
OLEAN EES GREW on OO. SUNS 31 Gravity error of mercurial barometer___- 768 
unit of measurement in__------------ NG ‘Gravitive wavessues 2252922 2s os ese eee 727 
Geomagneticttinies! weitere see! +s = 162 Gravure, reproduction process, described__ 897 
Geomagnetism, defined__!--_--+-------- 927 Gray, Stephen; conductors and non- 
Geometric projection, defined_______--_- 69, 927 CONGUCTOrS S45 Ht= 2 Abeer ene eee 57 
Geometrical dip, defined__------------- 927 Grazing angle of radio waves---_-------- 291 
Geometrical horizon, defined___-- ------ 387,927 Great circle(s), on azimuthal projections- - 81 
Geometrys definedSs_-232 4.2 5-2 1020 on azimuthal equidistant projection____ 84 
PRIMI less Olewr = seo ee = = 1020-1031 Geinedmeey AS see eee 63, 927, 1029 
Geophysical Institute, University of ISGUSse deepeetese sees ae eee 228-229 
Bergen sINOrway-eteee 22-22 692 OnrgnoOmMonic projections. == - e452 === 82, 100 
Georef (World Geographic Referencing on Lambert conformal projection_-_--_-- 80 
AQSU@T)) DES e pee ee = eae Sma se 91 lengineor One malnlbe: Ole ess ae 
Geostropiic, wind. 2 seer lt Se ss 797 on Mercator projection____------ 71, 228-231 
German Hydrographic Institute, Ham- on modified Lambert conformal projec- 
DUT pees SNS SPS OSN SSE 2 SSeS 692 TION ae ME AE esas oe eee eee 88 
German Navy, azimuth diagram of_--__-- 572 on oblique Mercator projection___-_---- iG 
sight reduction tables of__-_---------- 536 TL Ott CUO le ee ee 100 
iGermanis Nicolas. =222------- = 26 OnupolarsprojeculONS eee =e == ae 87 
Gettinowunderways-- 2-2) =----!- 596 primary and secondary-_.------------- 1029 
Ghostudetined@e=*"<-.- 7s. =- S 927 on stereographic projection _---------- 83 
Gueloran scopes es 2222 "Bese See ot 335 transfering: points Of 2 === ee 100 
eA Ae aes ei 323 on transverse Mercator projection--__-_- 87 
NISeROlminereeee St 52 oe et 343 Vertex 1Ol @ Get NG Ca ame ee eee 229 
Gibbouss defined 22+. sate - te 2 F 927 (See also Chart(s)) 
Gipboussphase of Moon. o--—-- 378  Great-circle bearing, defined- _--------.-- 927 
Gimballine error, defined—=—- __-_____-- 927  Great-circle chart, defined -_-----.------- 927 
die oyMONCOMpRss= eee ee are 2 150 (See also Chart(s), Projection(s)) 
Gmbals +denie dna ae So 927. Great-circle course, defined __----------- 927 
Gingrich, John E.; sight reduction tables final iGehmneds see 2 ese ee ee 925 
i RE Se Oe Se ee ee ee 57, 535 Takineih olesuvesl = eee Sei Ses se See 931 
Gioja, Flavio; of Amalfi__---~---------- 23 + Great-circle distance, defined _---_--_---- 66, 927 
Glaciers denmed ses. 2 eo ee 927. Great-circle sailing, altering track _--_--- 235 
Kormaiion ol Sal Coe oke foe Poe ee 747 byehart.. . o-e---<sbeqear qibase ose 230 
Glacier, USS; largest iceberg reported__.__ 748 by computation. ge. 2 —e-maae- 3 232-234 
Globigerina, defined - - ----------------- 109 by conversion angle__..--=.--------4== 231 
Glory 223-224 02 PORES rate n-- 3905 Sl BO Neliriédice ces. tenth dad gael 221, 927 
CUOS RIEL 52 ate) oe ee ee 909-953 : 

; tants “ears GIS CUSSEG 2 = = oe ee ae ae ees eee 229 
Gnomonic projection (see Projection(s)) 939-234 
Godfrey, Hugh; azimuth diagram of- ---- 572 example of - - ~~ --==2-------------- re 
Godfrey, Thomas; development of sextant final course--_------------------+--- 231 

pene orieare mtn nti te 42 geographical position, destination as__- 232 
Goetz, Roy F.; sight reduction tables of. 542 histormohat ue: £2. ..-s25s65-4-eres 30 
Goldberg, E. D.; solutes in sea water-- - 694 RA COUTSOs oss aseacece aaa se 231 
Goldsborough, L. M.; of Depot of Charts birpelet Chart). .swelnaees ate te 620-621 

and-Instruments ==- ~~ .--~ ---=+----=- 31 POE Roe Ves «ce 234-235 
Gong buoy, -defined__-_-_------+------- 264 ie, rn 1053 
ert CUCU Tee ene Bees 306, 927 Sy OLe , OE EIR hai a wh ue 
Goodwin, H. B.; azimuth table of - - ----- 571  Great-circle tables, of Towson and Ather- ; 
sight reduction tables of__------------ 526 VOM seo a > ep ae a 569 
Grade, unit of arc._.--._-------------- 1031  Great-circle track, defined-------------- 927 
Gradient, defined___-----+.-=-=+--4----- 927 discussed)... 2 ---s42.2s-te4-teete eee 66, 229 
Gradient tints, defined_-_--------------- 927 Greater ebb (flood), defined__----------- 927 
Gradient wind --_--------------------- 797 ~~ Greatest elongation, defined _- ---------- 927 
Graduation error, defined_-_------------ 927 Greece, early astronomy in-_------------ 35 
of sextant_------------------------- 411 Greek alphabet 908 
Graham, George; development of chron- ay ey eere a eeaaee souk 811 
Beer A athens a6  (areen flash2_-_-.------==---- =< - 5 =o 
diurnal change in variation ---------- 54 ‘Green moon -__---_-.-------------=—=- 810 
Grain, conversion factors__- ------------- 958 Greenland current, east (west) ---------- 722 
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Greenwich apparent time, defined_______ 928 1Gyroisextantadefinedas= 4 tsiaa= Eee 929 
HNGINGs 2 ces eee eee 495 roseope, 8x€s Of... ..-- - ----an-5 See 141 

Greenwich civil time, defined___________ 928 directional (see Directional gyro com- 

Greenwichshouriangles 45. 4ol enn 383, 497 Pass) 
change of almanac t0¢ _ 248 0). 2b cee 52 OTIGIN) Of 2g... to Sacra = See te eee 24 
Menned: 225. 5 oa ens ee ene eee 928 principlesiof 2. oe 141-144 
(See also Hour angle) (See also Compass, gyro) 

Greenwich mean time, defined ________ 482,928 Gyroscopic precession________-_________ 142 
DGD 2 5 26 oe ee a ae = ee 487 Gyrotron vibratory gyro, principles of... 142 
(See also Chronometer, Mean time, 

Time) 

Greenwich meridian, defined____________ 928 

Greenwich Royal Observatory, history of _ 50 
ag, prime meridian... ....-. 2223. d-pebe 48 Hachures, on:charts... fede: lane oleae 114 

Greenwich sidereal time, defined______ 497, 928 defined isiehtnt... taiyio Seperate alana 929 
(See also Sidereal time, Time) Hack wateh, defined=..._.__-_....._. 929 

IECCDWICH UNG. og as 2-5 ae eee 375 Hadley, John; development of sextant by_ 42 

Gregorian calendar jpn pe oes a 370 Hagger, A. J.; sight reduction method of.. 545 

Grid(sagelitieds < <tc decua.- woe ce ae 928 Hagner, Fred; “Position Finder” of______ 566 
perspective, construction of_________ 879-830 Hakimite tables... hasctnk naissobees abe 38 

USChO[ Se set a a4 eer Oe eee ee nee 881 Half pulse repetition rate delay, defined__ 929 
polar, description and use of________ 618-620 offloran sayie" As Bn. nnd Coe 337 
Lypeslof }OISCUSSeG 2.5 as eee 91 ‘Half-tidelevell: 52. 1.2.2 oe oes 710, 929 
Universal Transverse Mercator________ 76,91 Helleysidmond._............* sales 
(See also Coordinate(s)) development of sextant by____________ 42 

Grid amplitude, defined_______________.. 928 proper motion, discovery of___________ 39 

Grid azimuth, defined... ose 928 «Halley's cometary uinins ou fous aun 364 

Grid bearing, defined. §.-.....__. =. 241,928 (Halotypesioha. baton’... 810-811 

Gridjcourse, defined... 928 Hamilton, W.; sight reduction tables of._ 536 

Grid declination, defined______________ 91,928 Hand lead¥defined ise Gubiee. 5 929 

Grid direction, defined_______________ 618-620 description Ofiae 2 24ane oe ae 131 
plotting Ol octet ee ee 622 histor vioiiae 22 =a gts bo o> ae 25 

Grid heading, defined... 27 _ 7 928 (See also Lead) 

Grid latitude (longitude), defined________ 928 Hand level, ty pesiof = esse. w= nem ee 842 

Grid navigation, defined____-___________ 928 Handsen, Raiph; middle-latitude sailing__ 30 
Brig Used Ore ses ae Cat ae ee 91 Hannibal, Pelorus as pilotiors-= a eee 23 
neference direccion Ofo- = ae eee 134 Harbor chartwdefned ae. (2.5 ee 929 

Grid north, degned.— 22-2") oS) siem 9 deseription of fi/tind” (Stok ne 104 


28 
Sauid Varlation.. "oct. ee 100, 162, 618, 928 


Ground, of radio transmitter____________ 301 
Ground loge)? cto eee aes me Sia 127 
Ground speed in air navigation, defined__ 672 
Ground swell, defined__________________ 928 
efiect ofsupon shipe = oes an een aan 73 
(See also Swell, Wave(s)) 
Ground tackle, defined; 9. -- S275) 928 
Ground wave, defined_______________ 294, 928 
of loran, characteristics of__________ 337-338 
(See also Radio waves) 
Grounding, causes of__._.__-. 2.22.22. 280 
defined Wr 22 22 <> abeper athe eir 928 
Group flashing light, defined____________ 928 
Group occulting light, defined___._______ 928 
Group velocity of waves________________ 729 
GroWleree te eee Cen ee an 748, 929 
Guericke, Otto von; invention of “electric 
machine!” by assserese ql tsp Cooakeaee 57 
Guinea‘ eurrent 2 ot se os Lee oe eer (OP? 
Gulf Btreamnss oo. a. oe. oo eae 721 
effect of upon refraction_._____________ 432 
Gunter ‘Hdmunds is... ake 23 
tables and rules of (2 =1.5_. aaa, 34 
Gust 2, Oey OPUTEN IC eet nec ae 807 
Cuyot,,denned= +s) eee te aan 699 
USelOr in pilot y= 258 
Gyro compass, defined)?! 022.95) 0) 929 
(See also Compass) 
Gyro compass repeaters________________ 153 
Gyro error, defined Sealenh Wulimunwia 146, 929 
in POlar TegiOns- ~ - wet Aea es SCRE 625 
Gyro Flux Gate compass_____________.. 672 
Gyro, pilot, defined 2-22. o-s ean ee 929 
(ayro repeater, defined-__. sate ™ 929 
described. Yet: $< ta etepeetd eae 153 


Hard iron,ideiined. >" "os = aware 929 
Harmonic analysis of tide observations. __ 711 
Harmonic constants of tide predictions___ 710 
Harmonic tide planes 2.262520 709 
Harrison, John; development of chronom- 

ett, Dimes sce cac. aie ek eee 46 
Harvest moon, defined__________._____ 79 


Haul, defined <2 5>- 2+ >> ssa 929 
Haversine(s), defined_______._______ 929, 1032 
table(34220-- ce 2 eee 1421-1456 
explanation of == 5-750 = seen 1197 

Hawkesbee, positive and negative elec- 
tricity, Giscovery,ofa. 1 2S eee 57 
Haze, defined. 2 s-) ee ee 929 
described (se te ee ren ae 809 
Head of feeder current... 740 
Heading, in air navigation, defined_______ 671 
compass, denned a2 - ln aan 918 
defined ee ne ee ee ee ee 929 
discussed = gc). 8G oe wk | ARCOIG 66 
grid, defined ==>: 222s." = esate: 928 
Magnetic; defined<:_ 2 =>. - Soh tom 935 
Placing'vessel’on- =~" =) 52 Vie am 195-197 

per gyro (standard, steering) compass, 
efined= 2 Yeo 42 ss NOONE 939 
true, defined == 2-22 20>. + VRS He 951 
Heading angle, defined... 929 
Heading line, defined... = 671, 929 

Heading-upward plan position indicator, 
defined~ >: 0) 7) Vi nie awrie BO 929 
Headway, defined __-=-4 55.155 .s080n 929 
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Heaviside, Oliver; theory of ionosphere____ 58 History of navigation—Continued 

Hebrews, early astronomy of ___-_______- 36 during twentieth century_______--__-- 17 

Heel adetined + se awe asap ees Win OL UE 929 earth, determination of size of_______- 18 

Heeling adjustor, defined ___--_________- 929 electronics'0. Suetimiena: ooh | tuys 57-59 
described = <.<5 hay § = 45 = t-9 ohn VATS tos 0) 188 hydrographic offices____------------- 30 

Heeling error, cause ofv.2 22 2200s SEES 186 inspection tables, development of_____- 57 
computation of, on various courses _ ____ 192 latitude, finding of... Jud e228 43, 518 
COETeECtionolemem aes se 2, SINT _ SUEY, 187 line of position, discovery of ___-_----_- 54 
defined... 25.4 2k sees SBI ROI) Tie. 929 logs. ieee. Boo, inate. tale 24 
discussed 9ugweree ss santas FTL! SUEY 186 longitude, by lunar distance_-______-__- 4, 44 

Heeling magnet, defined ______-____-____- 929 (See also Lunar distance) 
posibioningwiol 52 is 187-188 by:time:sight= = -2 Suse Sea ee 54, 523 

Height, determination of, from vertical (See also Time sight) 

photographs ernie Saeed AP. 878 navigational triangles)-- == ee 53 
on nautica! Chart — =e ts  _e 110 piloting and dead reckoning_---_-_----- 18-34 

Height error of barometer--_------------ 768 pilot’s profession__------------------ 28 

Height of eye correction, defined_________ 929 prime, Meridian ss2o eee 25 eee ee 48 
GISCUSSEC 84ers! t 422-426 sailing directions] S2- 22 see eee oe se 16 
(See also Dip, Sextant altitude correc- (See also Sailing direction(s)) 

tion(s)) RANG > = Art ectek ert eta 29 

Height ot tide, Gefined...--- eee 929 SeX tan teen eer soe ee 39-43 

Heliocentric parallax, defined________-_ 365, 930 SOUNGINGS: = Seteeer=--_ eee ee 27 
GUIS GUSSC C Serene Ne mena ine rr 352 timessignals = sees tee ee 47 
(PSD as eee ba oe eee a eee ted 435 units of measurement_-_-__------------ 26 

Heliocentric theory, origin of -___--_------ 36 VATION se Sens asses oh e eee 23-24 

Helland-Hansen, ocean current investiga- wind rose, of Eratosthenes_-_-_--------- 18 
ONS ;Ol==a ate = oy See BESTE AQP 4S 692 Liatitier ferro eer rt eee 23 

enrye Villas === — = bemerey We brs avs <3 50 Portolansee4 1700_ Both oesh) ae Se 20 

Henry ‘The Navigator’ 228.2. - 2-2 2 22 49 (See also Wind rose) 

Herschel, William; discovery of Uranus by- 39 (See also Sight reduction) 

Hertz, Heinrich; reflection of electromag- Hitchcock, R. B.; of Depot of Charts and 
MELIC WAY CS == ee SS SID FEY 58 Instruments 2222-2 = 31 

Erestina era) Nae: Seapieee th Sku) 4k 7 36 Hoehne, George G.; sight reduction tables 

Heveliam alow! Papo Supeanieitd. 22 810 Of ce pryreretr rosa sseesccscseex Oa O42 

fexavon, defined 220s. Lhiihin J \o shaw 1023 Hohentafeln nach Sternzeit, sight reduction 

Hickerson, Thomas F.; sight reduction Pablo sete eager 58 oe a em oe one 541 
tables Of, (eps ns 2 SNLNOT IOieois.) Sy 5305 Homer: four winds of 2224) Sasa 23 

Hidalgo;sfeaturesiof 2.20) _setieseu 4 - 2 362, Homing, definedepeet a= == ee oes _ Soe 930 

High altitude method of sight reduction. 513-514 On, radio) bearings - = Se ase ee 314 
defined: _Wwersk. sk. sabie® ~ sestied’) . 2 930 Hommey, Louis; sight reduction tables of. 524 

High frequency, defined __--__-----__--- 930) Flop ,defined#ast-= 5-225 42 === 2 eee 930 

High Latitude Celestial Navigation Table Horary tables, defined __-------------- - 528 
(0, Pub. No(230)28) ssi steecis A 542 Horizon, apparent, correction of ampli- 

High tide (water), defined____--------- 704, 930 tude, for, table:28_ "41 2s) Grass <2 2 1297 
SOWDIGUING Bee 72 aS ee a, SIS 267 explanation-of 2 92222 _225"=e = — 1194 
(See also Tide) defined= eee =e Rene Ete 911 

High. water.datums»_ 3+. 2262 _exio_ sek! 710 artificial, altitude corrections for__-__---- 437 

High water fulland change (HWF&C)-_--_ 268, defined: -eacesesera4+-2s-5--0ets 911 

709, 930 description and use of____-------- 415-416 

High water inequality, defined___-----_-- 930 pelestial«defincds==*+=>= === ==- == 386, 915 

High water lunitidal interval _ __-_- 268, 709, 930 defined=-- 222 222-2 RON eI VO ee 930 

Higher high water, defined___-_--_------ 930 Gipinst-asSazar7s2 nec ktcres aero 922 

Higher low water, defined___-_---------- 930 altitude corrections for_---------- 422-426 

Hilsenrath, Joseph; azimuth device of-___ 572 (See also Dip, Sextant altitude cor- 

Hiltner, W. F.; sight reduction method of. 565 rection(s)) 

Hipparchus, chart projections of _-------- 19 Gistanceto.-tableS 35-552 = seen se 1254 
and. earlyalmanacss Ss _ te ieee. 2 51 explanation-Ofssas2s222 42 —e=—= 1187 
precession of equinoxes, discovery of__.- 37, 48 falserdetined === == === == == == meer 924 

Hiram of Tyre, pilots supplied by _ _ ~ -- - - - 28 pecidal, defined o> 22225e5o. ¥-S2e- 386, 926 

18 og: yee ee a ee ee eel Fs ee eee 330, 930 geometrical, defined - - - ------------ 387, 927 

Pistoryokpayigationeem.. wae sates 4. _£ 15-6 kinds of wie: eto th Sha eee Pee see 386 
Rids-0O NAVICALON =. See 28 as primary great: circle__------------- 384 
AIMAMACSIOL ealdwe. nes loud) Agr. _ 51 radatidefined.<2 22520 SSP URe: 228 JE 942 
Recnonom yo... 2. ese 34-39, 575-576 discussed << nce cae sds a! SO EECIE IU: S 320 
Senate tables... 2--.-. viet ebusles 568 radio detinedl se. eeesarLe 22 942 
clestialelddt. Havas A: tod o2la se4) 34-57 discussed. ccnece—-aos- ee eee 292 
eiertat ss malt 0 eos inet <2. - 18-22 rational idefined Jae 022 204 -.-----22- 943 
PhromomMeter ee 5 ee ane stag te - =e 45-47 discussed Witaagah: =. sabeiyl J. ..22 386 
“TIPS Ta leo a Crane ated Sphteeetlleaenaelgie Pt 23 sensible, defined__.._.--------seseu++ 945 
determination of latitude ___-_-_-------- 43 Giscussedaete ss 2 FS leek ee 386 
determination of longitude____-------- 44 system of coordinates-_------------- 384-387 
LCS VILEUUIO Thee ena a ee ee 24 visible, GeHned 2.442045) <e2-see~=5 952 
during pre-Christian era __------------ 15 Giscusseqieaee © S228. fe. Soe. oes 386 
during sixteenth century - ------------ 16 Horizon glass, of sextant__------------- 400 
during eighteenth century --_--------- li adjustment of__.._..-.-.--=--=== 412-413 
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defined... bse tim Jo~sategi an Wo 930 Hydrographic Bureau, International (see 
Horizon system of coordinates, defined___ 930 International Hydrographic Bureau) 
described iu! gh. te send pete apt 384-387 Hydrographic control, defined_-_-------- 854 
Horizontal angle, measurement of, by Hydrographic Division, Maritime Safety 
sextant:<.-.2 2-222. 2) -eee- eee 245 Agency Japan. 5-2-3 oo ae 692 
corrections for. --_.------------- 446 Hydrographic Manual (USC & GS Pub. No 
Horizontal danger angle_____________- 256-257 202) carn wang ele ie ar bo os yo 848 
Horizontal datum, defined_____________- 892 Hydrographic Office (U. 8S.) (see U. S. 


Horizontal intensity, earth’s magnetic 
field 2M) 2. 2 2. seep ieth ented be eho 161 


Horizontal method of double interpolation 1049 
Horizontal parallax, defined___________- 93 
discussed 22 2222: ~ eAthena 435 
Of MOOK MOVE SO. Ree etal 362 
Horizontal refraction, defined__________- 431 
Horse latitudes, weather in____________- 798 
Hour angle, defined___________________- 930 
finding by almanac, for following year__ 479 
for later yearsste 2 52h 282. | 653 
Of MOOI ee re ee ee ee 470 
of planet J2ee0 Ses Se OE ee 470 
Of etarsand eA ries =e ena ee 471-472 
OLISUNS Ue Dee ee ee Oe eae ae 469 
finding without almanac, of sun and 
bg Ceres ll gal Dee ee 653-654 
Green Wich. 3-7 2 Gade 45 ee 497 
CoOL ass pie oe ee eS Renee eee 928 
(See also Greenwich hour angle) 
lOGal See 5 ee ne fae Ss a 2 383 
defined Noi tee Fh es 4 933 
finding to e4ts 45 4.4649 7 gt 497 
measurement .Ole ss aa ee 383 
Sidereal®ps. GW ho ately eee 383 
dehned wee eae ee aeA ene ety ee see Soe 946 
disclssedizxe $22) 5 354 ton aS 383 
ANC tMNe Bee Se AS 497 
(See also Meridian angle, Time) 
Hour circle, defined’ 52265525 name 382, 930 
House, chart definition of______________ 114 
Hues, Robert; determination of latitude 
by globetn > at a eee ret here ae 56 
Hughes’ Tables for Sea and Air Navigation, 
Of Compieg “Wns atet eke Sag hae, 536 
Hugon, P.; azimuth diagram of_________ 572 
sight reduction tables of___._________ 57, 531 
Hulsmeyer, Christian; development of 
Lie lee aS Stent TEER A TR, 6 58 
FGM MpraAciO aa =o oe oe 297 
PPM een tt Re ge been en eee, 778, 930 
absolute, defined__________________ 778, 909 
effect of upon refraction___.__________ 431 
MEASUTEMENtIOL a= sone eee 778-779 
relatives defined sss sa aeeann ns ae 778, 944 
tables] 68.436 Sa4s- eo pee 1266-1267 
explanationlofsee == 22 eee eee 1190 
Hummock, defined. "° 2 ee 930 
Eummocked ice... Ae ee 750 
Mant, Geined 2. 2.2" ae 135 
Hunter’s moon, defined________________ 379 
Hunting, defined °°" "°-_ 3 3, 930 
BSUTTICADe ee ee eee te eee 819, 820 
Hurricane and storm warnings, informa- 
tion on ;sources|of-= 2225. =e mee 96 
radio, broadcasts of 321...) Bee 100 
(See also Navigational warnings, Radio 
broadcasts 
Hutchings, C. H.; sight reduction table of. 542 


Huygens, Christian; development of 
chronometers:___.--. )5_) ReWen ait 45 


HWF&C (high water full and change) _ _ 709 
Hyatt, Delwyn; ‘Celestial Coordinator”’ 

and “Coordinate Transformer’ of _____ 560 
Hydraulic currents: 222.222.2222 eee 712 


Navy Hydrographic Office) Nee 
Hydrographic Office (U. S.) publication(s), 


Daily Memorandum, issuance of _ _ ____- 94 
distribution of- —. 94, 1002-1004 
H.O. Pub. No(s).: 1-N, Catalog of Nauti- 


cal Charts and Publications_._____- 96 
1-V, Catalog of Aeronautical’ Charts 
and Publications... eee 96 


9, American Practical Navigator (Bow- 
ditch) (see American Practical Navigator) 


27, Sailing Directions, Antarctica____ 753 
66, Arctic Azimuth Tables (Schroeder 

and Wainwright)________________ 569 
103, International Code of Signals (vis- 

la) eee es eae no 101 
104, International Code of Signals (ra- 

iQ) aa Seen eo ee Oe 96 
110, Danger Areas in the Pacific____- 101 
TIS 1G eliist of Paghisaa_ see ee 97, 261 
117, Radio Navigational Aids________ 96 
118, Radio Weather Aids____________ 97 
119, Weather Station Index_________ 97 
150, World) Port Index ==) aaa 101 
151, Table of Distances Between Ports-_ 97 
201, Simultaneous Altitudes and Azi- 

muths of Celestial Bodies__________ 530 


203, 204; The Sumner Line of Position 

of Celestial Bodies (Littlehales)__ 526, 547 
208, Navigation Tables for Mariners 

and Aviators (Dreisonstok) 98, 534 
209, Position Tables for Aerial and 


Surface Navigation (Pierce)______- 538 
211, Dead Reckoning Altitude and 
Azimuth Tables (Ageton)________ 98, 538 
214, Tables of Computed Altitude and 
Agtnuth 0. 8 Spee oo 57, 98, 540 
extracts from.) 9) eae 1170-1176 
(See also Tables of Computed Al- 
titude and Azimuth) 
216 AtreNavigationss =e eee 671 


217, Maneuvering Board Manual____ 99 
218, Astronomical Navigation Tables_ 98, 540 
220, Navigation Dictionary____ 101, 903, 909 
221, Loran Tables 96, 338, 340-341 

extracts from 1177-1179 
225, World Atlas of Sea Surface Tem- 


peratures_.ve Stor inacwry Nears erie 695 
226, Handbook of Magnetic Compass 
Adjustment and Compensation_____ 99 
230, High Latitude Celestial Navigation 
Hiabless(Goetz) ==. 2. 22 ee ae 542 
234, Breakers and Surf; Principles in 
Forecastings. 25... Janae 738 
249, Sight Reduction Tables for Air 
Navigation____________ 57, 98, 542-545 
extracts from. 2... __) eas 1180-1182 


257, Radar Plotting Manual________ 99 


97, 569, 943 
J 1165-1167 
261, Azimuths of Celestial Bodies___ 98, 571 
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Hydrographic Office (U. 8.) publication(s)— Ice—Continued 
Continued DOUCOM Ces = ec ae ee 747 
H.O. Pub. No(s).—Continued See ona ee Lien One 749 
601, Wind, Sea, and Swell: Theory of dead reckoning in___-------------- 627-629 
Relations for Forecasting--_-------- 96 alice aabet ee eee 814 
605, Graphical Construction of Wave letisity. of © oti ts daa cter bt ete bere Pp AG 1 
Refraction Diagrams___----------- 738 detection .of ct enee ae ae 758-760 
606-a, Navigational Observations _ _ _ - - 101 direction and distance in____------- 627-629 
606-b, Sonic Soundings_------------ 96 iitikel’ “Sin Brides anes ane nee 753 
606-c, Cen ent ver eee Observations _ 96 effect of, upon navigation____--------- 746 
606-d, Ice Observations_-_-_--------- 96, 762 UPON AWaves...---.-2...-6) SMeee se 731 
606-e, Sea and Swell Observations - _ - 96, 732 extent. ofjinises + S.jyioS. 22a oe 753 
609, A Functional Glossary of Ice Ter- fast ice__...-._.... Sasseh. Jae ce 748 
minology De ee Ae ee eee 762 MOC. £35. ay el sth aden Saabs 749 
705, Oceanographic Ailas of the Polar forecasting of... a= he ee ee 762 
Recaink, SeRiik aleasics, to oleon.* 002 formation of#ide - fs-ba2% -S.-ssfeher 746 
2102-D, Star Finder and Identtfier__- 85, fresh water from _.—.-----------=s2<2 752 
6-590 _ influence on navigation__-_----------- 746 
SP 44, Visual Wave Observations- -___- 732 information on, publication of-__------ 758 
SP 58, Tables of Sound Speed in Sea on land, formation of__-------------- 747 
Water wey AE ghee Paper .. RE Rt je 744 land:ice, defined L252... 26/26) 2828 -S5e= 932 
NoticettovA viatorss ee ee 6 es 671 leadshin. | ..o<52- a8 eee ee 750 
= Aa to Mariners (see Notice to Mari- nipped by, defined___._---.---------- 761 
ers) in North Atlantic_--..----------+- 753-755 
(See Bien CN eeeue ia titles, Chart(s), obsenving Of 4-222 -72.-4.-%, gaye 762 
Publication(s), U. 8. Navy Hydro- operations, Inss-e 233 = fae - eae 760-762 
graphic Office) pancake: iceziien< a2 sb sesecee- sist 749 
Hydrographic offices, history of - --_------ 30 pressure, ices. aeSe 6555: oe—-sd seats 750, 940 
Hydrographic survey, aids to navigation. 861 pressure, ridge.....- = fe-fa@ - oats et 750 
eontroluinaa— 2 es See 857 rotten ice... =... -- See hee passers 752 
current observations _-------------- 844, 860 sea ice; bending, rafting, tenting of-..._ 750 
aefined iy Hanae ees ted tees 2252 848, 930 defined. .2- 2.2. eee. = sed see eee = 945 
distance measurement, instruments for. 842 formationjol 4-42-2218. aoe. tee 748 
drafting instruments for__------------ 844 fresh water from: —2--2s28-—= 54 2— 752 
electronic control 2ule eee ses22s2 253 858 kinds. of. 2... 240) 2-4 ke ote 18750 
geographic namesse eee seseL Ss SoS Sa 861 Salinity, Olas oe =e a ee 752 
hydrographic features__-_------------ 859 thickness, of. - 22222 ---oe<25- = eons 750 
instrumentsfor____..~..4ssis5. 2222 837-848 shelf ‘ic@sh: a= Hoses eee ee sue Sereee 748 
magnetic measurements-------------- 861 speed measurement in__--.----------- 629 
miscellaneous information, acquisition spicules of Sees. es =) eee 748 
opeeree 22s et aie ee 8 861 weathered ice=_-— =- 2 SS tae 750 
plotting sheets for ------------------- 859 young, defined -__ Suse. jesse eee 953 
procedure ford 22222 24.22 4ee -5--2-- 848-867 (See also Polar navigation) 
Fecordsiforse_ 2a) ee Sit feats 862 TIcevanchor®. 160 866¢....5--5 22 eee & 761 
tide and current observations -_ - -- --- 844, 860 defined’: # Svat... Beebet 22sec 3 930 
HideryageHOle.— = == =~ == 843) Icelbarrierss22s28 . S422. eee aa- bee 750 
timing equipment for-_ --------------- 839 defined 2. -tefieed icone’) - Seees88 eee 931 
topography.4 U2eeeetse_ 222 55_2--- 859) - Tee, blink. 22<=-22--= = - -22 23 eet 759 
visualocontrolieeeie 22 )24y 2325-22 857 Ice bulletin, broadcast of-_-------------- 758 
wire drag, use of__------------------ 860 Ice buoy, defined__-------------------- 931 
Hydrography, defined_--------------- S485930)0 oiice.cakes42-n-- ere ae a oe eee 749 
Hydrolantsirac 28 220 et es santesn- st 1TOOK930) Iceicap=4-- 22-2 -=— = Saas ape 612, 747 
Hydrometeor, defined_----------------- 930° Iceschart, defined-.-...=2-.-.-=---jec-ea 931 
Pieciropacss, Weee. . =. 224.525-+42n 100;930  Tcesieldsa. xeeeeeeccecee ------ hea esh-= 749 
Hydrophone, defined__------------------ 930 defined set Sees - 3-— -Ea 3 865- 4oqesee = 931 
Hygrographo22 1222 52_---.------------ 702 leetogiteretestendtedscasat. eidas -2ed 808 
Hygrometer, defined _------------------ BI! MM Bnitnalk Mew brceccie coancus<snn eee 748 
described -------------------------- 778 Teeshummock i .- =.=... <-- see 750 
Hygrothermograph_------------------- Fe eee ade  oonc.ss. 748 
Bp cpcin: Genescongbd properties ofS. locg Ice jam, defiieanennely (epoiq0ansG fo glosicggy 
as measure of distance difference - ---- - 310 Ice Observations (H.O. Pub. No. 606-d)-- 96, 762 
Hyperbolic line of position, defined ___-_-- 930 ‘“‘Ice observation service’’, definition of._ 758 
Hyperbolic system(s), described_------ 333-348 Ice pack_----.---------------------->- 750 
principles of - --------------------- 309-312 approximate center of_--------------- 750 
Hypotenuse, defined _------------------ 1022 Ice Patrol, International; establishment 
Hypsometric tints, defined ___----------- 930 of _.<7-------------+-45-2-------- 31 
in North Atlantic_.---------_-------- 757 
“Ice patrol service’, definition of--- ----- 758 
I. C. S. Altitude and Azimuth Tables for Ice pole, definition and location _-------- 750 
Air and Sea Navigation, of Collins-- -- - 536 Toe reports and predictions, broadcasts 
ce, anchor for....------->--=245->+-- ZOU SOS 0 RT, (RRM Sr ee on hes 100 
ANnChOMICC =o 222 ees —- =~ = - beaten se 747 in epee aren, Manual of (Pub. No. 
beset by, danger of - --------------- G6sie7Ole pew50l) 2-2 s- Sean SoBe Iie 96 
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Tee: shelf. 3... -2225254-. 5... 2... 613 Instrument shelter, defined_____________ 931 
defined 2.2.0 .219 9 25s, ee ON O31 Insularsheliz-: 32-2-.--.- > oa 601, 699 
Ice} tongues defined ee 931 Insularslope... 23) + ess> se 700 
Ce DOT ee sees ay oe ce 747-748 Insulator, defined_____________________ 289 
le fine Gb a. te ner  o 931 Integral, defined______-___--2==L____! 1043 
Identification of navigational stars_____ 965-972 Integration, process of, explained________ 1043 
(See also Star identification) Intercardinal points =-22=)e= ase ten 137 
Identities, trigonometric____.___________ 1033 defined_s... baie? 1atornagb iy Rel 931 
Impeller-type log, description of________ 26,130 Intercardinal rolling error, defined_-______ 931 
Inch, conversion factors________________ 958 of, gyrocompasss: eae sein wal 150 
Incidenceangle\of2==5_ ==.) eee 398,430 Intercept... Nw INU 95) “ee 451 
Inclination, magnetic; defined___________ 162 defined: 2568 MEH) VIGO BHD-Bse. .O-9 931 
Indefinite integral, defined______________ 1043 (See also Altitude difference) 
Independent variable, defined___________ 1041 Interference, -radio._-_.__) 2a ame 297 
Index/armuofusextants 5a a) eee 400 controliof&t Salk Sgn Tebenws) 2 299 
Index catalog of nautical charts and Interior angle of triangle, defined________ 1023 
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field, Magnetism) International spheroid, dimensions of__ 357, 957 
Inertial navigation, of aircraft_________ 60, 673 (See also Spheroid(s)) 
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for hvdrostaphic’ ae Fie ateh ds 837-847 Tonospherie disturbance________________ 633 
for piloting and dead reckoning... IZii67  TMinger CURENE deseerine seen ee ee 
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Instrument error, of barometer__________ 768 on’ synoptic charts =_ =)... ees 765 
efinedy. seri D WOunO Sennen 931) ITsoclinaladefinedeey-~-..-._..--.-00! 5 932 
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Isogonic line, defined_______________- 116, 162 
isogriv, defined: 4.4254. _.._...__. (99) a8 932 
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Kilogram, conversion factors------------ 958 

Kilomegacycle, defined___-------------- 290 

Kilometer, conversion factors ----------- 958 

(Getinedi: Mame eeeen 55 aoe eee 932 
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(See also Navigation, Plotting, Polar 
regions, Projection(s)) 

Lambert conformal projection (see Projec- 
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in lifeboat navigation______________ 65 
in polar navigation. ._...__________ 629 
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CEST SSSR Por Sa ee ee eS 340-341 Magnetic course, defined__------_----~-- 935 
ATA See Soe en PRE Se _ aAaeard > 335 Magnetic declination, defined_--_~_---- 161, 935 
Low frequency, defined____-_-_-------- 934 Magnetic dip, defined_____---_--- 162, 164, 935 
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Lowell, Percival; discovery of Pluto- -- -- 39 
Lower branch, of celestial meridian____ 382, 934 
OMmerigian Of Carbhss 2272-4. -o- 3 63, 934 
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Of TROIO WAVCS 5. 4-526 =- = — e 289-290 
Ol 8 SUID foe oe ee eee ee 170-172 
altering! 26. Shs sf o e 207 
components Of =~ —- 2 een eee 204 
eflech Ol COMPBSS eee. oe ae 171 
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Magnetic information on charts, specifica- 
hions forse eee eee = oe ee ee eee 116 
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Meades Ranch, U. S. datum____________ 427 
Mean high water, defined______________ 710 
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(See also Barometer) Wiateomahowerlstencer sense ee eee ee 365 
Mercury (planet), features of__.----_--- SCM VIELCOLRWOrlla s a sae geo 2 2 ee 365 

Sia ropweee 227i aes ie tO Se Sie Meteotitern. taldad 4 c.5c-eqgece oe 365 
Mercury ballistic of gyro compass- - ----- 143 Meteorological tide, defined____--------- 936 
Meridian(s), on azimuthal equidistant pro- Meteorologyadefined_ 95. 3 eee = 936 

VECO a. eee ee 83 MOlLATReMIONGEeE ae = sen =o ae Bete 614 

on azimuthal projections. ___________- 81 units of measurement, conversionfactors. 959 

Olepolarrepions ser ss 35 25292 - 2s 86 (See also Weather) 

bianchesyor, defined == 2-22 2k 382 Meter, conversion factors___..---------- 958 

Colestialwdehnedesemea=) 25225352 _ 2 - 382, 916 length unit,’ origin of .e..-....----- 27 

Onrconic projectionsap 2 2-— -2-_=-222 527 78 (See also Units of measurement) 

COVeCrPCLCYr Olea ee ee ts ete as 618 Meters, feet, fathoms; table 21__-------- 1277 

Mermecenane eee etee ee 23252. soe sen 63, 936 explanation.o! azeeetee os. - - 2 n< n= 1192 

expansion of on Mercator projection_ -- We Wietueiseale, diagonal’. 2.2206. = 844 

HICULGLO US Seem Senne ieee > ES 74-76 for chart construction__.-__-+------ 890 

PCOMACH CLC ee eenE Ete ee Nese 162 Metric ton, conversion factors-_--------- 959 

on gnomonice projection_________----- 82) Microparographie 28225. - 22 = Seee 35. seeks 768 

Of Greenwich) defined. 2522-2 2-522=__ - 928 Micrometer drum, defined_-_------------ 936 

local sdetined ere etn es ss 933. Micrometer drum sextant, defined__--_---- 936 

lower branch of, defined___----_-_- 63, 382, 934 seronlek — yee eae 399-401 

magneticsdefined!*.-5---.--—.2-2-—-— 935 (See also Sextant) 
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Microphones 22 22. =) eee a 301 Modified Lambert conformal projection, 
Microphonic noise, in radio._____________ 297 defined. y22ecuis4+)...- aac ore 8937 
Microsecond, defined________________ 308, 936 (See also Ney’s projection, Projection (s)) 
Microselsins 1< -..- sep ectuyccticcaeen tle 734 \Modulationzic ton. 2vis225-2 See 937 
Microwave,defineds22_ _ =) 2s2222 aia 936 amplitude modulation, defined -_---__-_ 300, 910 
Of Tadigssccepee dhe ee beceetee cals 291 frequency modulation, defined__=____. 926 
Mid-channel buoy_<s..52sc2.-.----< 266 pulse modulation, defined ____---_-___ 941 
Middle Ages, world maps of___________- 20 of radio! waves! «i924 2.1424 232 300-301, 309 
Middle ground, defined________________ 936 Modulator_. beck rag as J ebue. cus eee eee 301 
Middle (mid) latitude, corrected, dis- Molfino, azimuth diagram of___________- 572 
CUS8C0 2 emt wees on oh eee 225 ~Monsoonsfeatures:of__-_____- =) _ ams 799 
defined <5 Feu a goo ee 64,936 Monsoon current... -.-222s222ceenet bes 725 
use of in measuring distance__________ 215 Month, kinds of, conversion factors_____- 954 
(See also Latitude, Sailing(s)) junarigetentios, 1c ined _ ts epi pees onal 708 
Middle-(mid-)latitude sailing, caution____ 227 sidereal,,of moons: 2: < sot Sen ee 362 
defined.ss stee- Bs Seen A on 54a oer 221, 936 synodical,, of moon... __.._._ - -=aep 362 
example Of see oc Spee ee 225-227 Moon, age of, defined_______________- 379, 909 
OLIPiOl Men a to oe oe een eee 30 altitude corrections for__________ 285 440 
Midnight, ;defined_= 24-5450 8 aoe 482 (See also Sextant altitude correction (s) ) 
PeOM AEN Ctl CR wee a ee a a 162 atmosphere of__....-.... - .«.3qhey Leaks 363 
Midnightisun= oo = 294 omen me ee 368 augmentation /of-— 228-8 eas eee 363 
Mil (mille), Arabian; origin of_____________ 26 blue sel: oe Fates ae, 90. fp). an ene ee 810 
Mile, geographical, defined____________ 65, 926 cusp) Of wee 322 --.+.-+..-..99-65eee 377 
international nautical, defined________ 65, 931 cycles of,,and tides. ... +.) _.f. 3.4 ae 708 
land jdetned= = - = aa gee 26, 65, 932 distance of ________ gintse sii: a2 955 
measured, defined s2 65 2 ee ee 936 at apogee and perigee______________ 362 
speed table for, table 18____________ 1270 eclipse phenomena________________- 379-381 
explana tionsolaee= se eee ee 1191 (See also Eclipse) 
Mediterranean, origin of_____________ 26 escape velocity tromes= -_ 42) ee 363 
nautical, conversion factors___________ 958 4d) eS oe SY ae ee ae 810 
conversion to statute mile, table 20__ 1276 harvest. — 2205s. Sica: thie hehe aeall 379 
explanationnote == see 1191 hunters”. .-_ 53 awl oe oe Se a 379 
Getined. 2202 ae ee oe 65, 937 libration of... - op t 2 akn At ee el 362 
onginsand length ofa) ss.) 26 IOC Kea eee ee te oa 811 
POrtolaneean chee eee eee 20 MOtIOU SiO fee se yaa 362-363, 377-379 
Roman sorigin.of a. nt 26 nodal period of, as tidal cycle_________ 708 
sea adefined=. 2-2 ee ee ee 945 OPbittol =e tras) oe en ee ee 381 
statute, conversion factors____________ 958 parallax, Of. sa 25 Sted pele hee ae ee 362-363 
conversion to nautical mile, table 20. 1276 Phases, Of sso tones eee ee 377-379 
explanation Ofe 4. 2 0) ssyep ane | 1191 by almanac... aeeite tm aie ene 479 


GCURed = ne. aera eee 65, 948 
26 


Military.erida, of 9. oo too ee ae 91 
Milky [WAY 2-5) me eaten | 366 
Millibar, conversion factors_____________ 960 

unit of pressure, defined________ 696, 765, 936 
Millimeter, conversion factors___________ 958 
Millisecond,; defined ~~~ -' Ss 936 


Mine. Taapnetic ss. ot eo eet eee 203 


and Azimuth, of Doniol____-_2.______ 532 
Minimum thermometer________________ 776 
Minor Didhets. see eee 357 

features of sess 362 
Minuend,defined:-.- 2-2? ">? ses ROS. 1008 
Minute; “anit of'arc.--- 2 22s ee 1031 

Unitofitimest sass sas See ees 484 
Mirage, types of. 2: 20s ee ere 809 
Mirifici Logarithmorum Canonis Descripto, 

of, Napiert 22 <5 Sess sa = hs OR 34 
Mississippi River Commission, charts 

published (by*)..20.6—. = oa. er 94 

(See also Chart(s)) 

ist Poe Shae 4~ eee? PIRI od tity 808, 936 
Mistake;"defined (227 eae F) SIT 7 soi 679 

detection ‘of see! 1 uae net 687 
Mistralzetucdinee ine Ane eee 16, 807 
Mixed current, defined_._____.________ 713, 937 
Mixed decimal, characteristic of log of___ 1012 
Mixed tide;idefined gee: MUS of 705, 937 
Mock moon: 242s ae Oe 811 
Mock sunse icetign of SOND EID Font 811 
Modification des Tables d’Azimuth de 

Thomson, of Kortazzi______________ 525, 569 


rising and setting of, almanac time of. 475-478 
INjpOlarsTegiON S= = ae eee 640-641 


semidiameter of, by almanac__________ 479 
BIZ Of = ee eee 363 
SyNOdicalemont i= === ae eee eee 362 
cerminatomol =<: 2--= 3 emo. ae 378 
Moon dogtereees.. 5-2 eo be8t == soe 811 
Moon pillarter: os: 2° ao) es See keae 811 
Moonbow 225s) 2" Oe eee 810 
Moonlight, duration of, in polar regions__ 640 
Moonrise and moonset, computational 
forriulas. Coe eee tench ae 642 
ACANOVIN GCI ALG Mel ae ee ote 478 
in polar regions 22. oa. G..5.. ee 640-642 
tables of, in tide tables..__:_ 1) 5. 269 
timejof bysalmanacs=- see senna ane 475-478 
inspolarmregionsic. 4.4... .0) Geen 640-641 
Work {Oras A. 52 pon 1058 


Moore, John Hamilton; 
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Moore, Jonas 
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distinguished from estimated position. 455 
IDspUOlING! se ae. le een ee 258 
Motion(s), absolute, defined____________ 351 
apparent, of celestial bodies_________ 367-370 
defined B-SeNes GORING ee 351, 911 
apparent effects, of earth’s revolution.. 369 
ohearth srotution2. 240 20e 367-369 
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Motion(s)—Continued y 
oftcelestial bodies ee 2 a 366 
apparent effects of__._______________ 370 
Kepler's laws offttare tee eo 354 
DESEO US” * Saat ian tan 353-356 
CIFCUNIPOLATS: Meee een Efe ey cy 368 
direct olsplanetsemmn = oe ee 377 
diurnal defined asset ost ee 922 
Hulerianydefinede------ 2 370 
OFM OOT LU OM ee ene 362-363, 377-379 
Newton’s laws of___________________ , 304 
Olay Sea ee Se PVE Ee ee 370 
properdefined™- ="2.2¢gs2a- 2 te 941 
GISCOVETVZOl. (22 SO et ee ee ee 39 
radial, of celestial bodies_____________ 366 

relative (see Relative movement) 

retrograde, defined]. 222) .- 8 8s 944 
ofeplanets” > hermits ieee ee 377 
Offsolarsystem oe cess -- = 222 7Sl eee ee 39 
space motion, defined______ 353, 366, 370, 948 
Ofisubives: 2forote esses tate Pe ye 356 
Mount Wilson Observatory, founding of__ 51 
Movement, relative, defined____________ 944 


(See also Relative movement) 
Mudge, Thomas; development of chro- 
OMICtel = se meee eee © 22 thes eee es Se 47 
Miller, Johann (see Regiomontanus) 


atk plesstareees = 225552. = FL ae 366 
Miultiplicand,"detined = 2==222 52>" 22... 1010 
Multiplication, of algebraic expressions___ 1018 
DyMoparithimss = 322525522 -£5"2eehs 8 1013 
of numbers, explained______________-_- 1009 
Niultiplier; defined]. C22 -2 2-7 = a. 1010 
Manmetal defined: § 2. sso aes oe 937 
Murray, John; bottom-sample analysesof._ 692 
Museum of Oceanography, Monaco____-_ 692 
NSKe Reet ete see eee ee 612 
Musschenbroek, P. van; discovery of 
eV Gdenejarteee < e- se aces 2 a eke 57 
Myerscough, W.; sight reduction tables 
(OYE ot) ai hehe ada aS gc Ra aE 536 
Nain denned ays 2" ee ee ay Ee 385, 937 
INS DWAR ALUMS! See ee es we 892 
IName (6) icetined ss 2 ne ee 937 
pronunciations and meanings, of con- 
BLellations= ee ses oe ee 974-975 
of navigational stars and the planets_-- 973 
INOSen Dottie ts Set a oc Se 693 
reversing thermometer for-_-_---------- 696 
ING piciNy ames roberts. a2 - ts ae 166 
Napier, John; Mirifici. Logarithmorum 
Canons Descriptio 0f 222 5-2 =- = 34 
INC ohOln eee eee DRT es 1039 
Napier diagram, construction and use of-__ 166 
Napenianpmiogarivom. 22-2 22 1015 
Mase. to U2 places!= 255522255 27 yee 959 
INamerme Tiless ees 572 2 s2RT Ie 2 Ao. 1039 
National Institute of Oceanography, Great 
Sita ns ae Meee SSS heh Lo ata es 692 
Natural function, defined________------- 10 
LADIES eee - = os St 1312-1356 
explanationcol See ee 1196 
INSCUPaiclOgaTichin—-)-—2 2. =. - eas 1015 
Natural scale, of charts________-_------ 103 
TET DOC eee ne ee gn 937 
INALUra| VeRreeee@ =o op See ee 370 
Nautical almanac, defined_-_------------ 937 
Nautical Almanac, first British-------- -- 48, 52 
(See also Air Almanac, The; Almanac(s) ; 
American Ephemeris and Nautical Al- 
manac, The; American Nautical Al- 
manac, The) 
Nautical astronomy, defined_---__----- 351, 937 


Nautical Astronomy, with New Tables; of 
SyMondse eases eee. sen 571 
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Nautical chart, defined_________________ 937 
(See also Chart/(s)) 
Nautical Chart Symbols and Abbreviations 
(Chart No. 1), description and publica- 
ION Of Se Sebati St eee 101 
Nautical day, defined_______.__________ 483 
MISCONIG Ac ee hance ee = 518 
Nautical mile, conversion factors________ 958 
conversion to statute mile, table 20____ 1276 
explanation of__ 28005 ie waspns 1191 
definediks A). im wun Who) sn bet 65, 937 
international, defined_______________ 65, 931 
Origin lof..2u4.., 301i... pvp, _ Hos 26 
(See also Mile, Units of measurement) 
e Nautical Slide, Ruleaigss seunees sae 125 
Nautical twilight, defined____________ 368, 937 
“Nauticator’, of Jernes_.______________ 557 
Nautilus, Wilkins polar expedition in____ 692 
Nautische Tafeln, of Rose_._____________ 532 
Naval Observatory (U.S.) (see U.S. Naval 
Observatory) 
Naveam, defined__..._.. -2-- 222222: 100, 937 
Navegacgao Moderna, of Newtonand Pinto. 534 
Navigable semicircle, defined___________ 937 


Navigate, derivation of _____________.-. 62 


Navigation, acoustic, defined___________ 909 

aid to (see Aid(s) to navigation) 

air (see Air navigation) 

in amphibious operations___________ 737-741 

automatic celestial __.__ Bi ssa ee oaee 566 
Gennes ees. 2-1 ee ee 913 

celestial, detined_..__beaish. 252522226 916 
historysof.5. 052... bed fsh_setee 58 34 
Agi DRS 0 Cy) A a a ae a ce = 653-660 
(See also Celestial navigation) 

coastwise, defined_.____.._-_---_--__ 917 

dead reckoning (see Dead reckoning) 

MOTE ese wists ER SO. SET 62, 937 

Doppler method._...02 - ec. Suseden 2 308 
(See also Doppler effect, Doppler navi- 

gation) 

effect-of. ice, uponiaes J: 20): 2h S0sSt SHES 746 

electronic (see Electronic navigation) 

electronics in ....-.--.. _.. Saagaee: Se 304-312 

errors in (see Navigational errors) 

int 10 peerage ree ee lied cs Sy 604 

grid navigation, defined___----------- 928 
(See also Grid navigation) 

MsStOryOle 25... =. — 9 Ieee 15-61 
(See also History of navigation) 

insces 2g ee |. ee. Boole 4 _ ieee 627-629 

inertial derined......<-<=---.-..- 0oeee 931 


(See also Inertial navigation) 
instruments foro 2 eo lec 121-157, 398—420 
land (see Land navigation) 
lifeboat (see Lifeboat navigation) 


long-distance, defined__-__---.-_------ 934 

long-range, defined ______------------ 934 

bynloranie 2 oe se ee ee oe 333-343 
(See also Loran) 

marine «defined 2222s s5-4552 52—--5=- 62, 935 

in narrow waterways, sources of instruc- 
tions; fori. 2.22. 2sck ee: Se 97 

piloting (see Piloting) 

polar (see Polar navigation) ; 

practice of (see Navigational practice) 

Pressure pattern... sa 5- =. eee 675 
(See also Air navigation) 

by TaGar eee So OE ne 323 
(See also Electronic navigation, Radar) 

radio, definedwaseesia. abt sttieeee 62, 942 
(See also Electronic navigation, Radio) 

radio aid-to, defined=-5=.=--24.2---12 942 
(See also Radio) 

short-distance, defined _ __------------ 946 
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Navigation—Continued Navigational triangle—Continued 
short-range, defined__________________ 946 solution of—Continued 
in'smallhicraftiiys eee sede e. eke 605 historicaleseeraeathr. Pe eee 56-57 
sonicidefined zee sasttcisgee ff oS 62, 947 inspection tables for_______------_-- 57 
SPACOLe. SUM ne oo ae eet eee ae 676 by orthographic projection __-__-_____ 83 
submarine (see Submarine navigation) “short, emethodsHors2nne. = ea 56-57 
surfacedenined =... eee ee 62, 949 by stereographic projection_________ 83 
underwater, defined_________________ 62, 951 (See also Sight reduction, Spherical 
(See also Submarine navigation) triangle) 
by underwater sound---_-___-______- 742 Navigational warnings, first radio trans- 
Navigation, Aids to Marine, of U.S. (CG- MISSIONSIOL ee A = == 2 eee 58 
TE OB) Pw cece pieces NI STEN 102, 1004 informatvionion®*— = 220. See 96 
Navigation Dictionary (H.O. Pub. No. radio broadcasts) of [2258 Bees --— 99 
220) Shere einen tea ssi h alt) 101, 903, 909 (See also Daily Memorandum, Danger(s), 
Navigation manuals, history of__________ 32 Notice to Mariners, Radio broadcasts) 
of sixteenth century_______________ 32 Navigator, responsibilities of __...________ 60 
post sixteenth century_____________ 34 Navigator’s notebook_____._____________ Zils 


Navigation Tables for Mariners and Avia- 

tors (H.O. Pub. No. 208), of Dreisonstok_. 98, 534 
Navigational aid, defined_____________ 259, 937 
Navigational Aids, Radio (H.O. Pub. No. 

117) (see Radio Navigational Aids) 


Navigational astronomy, defined ______ 351, 937 
“Navigational Computer’, of Brown- 
Nassau Si! 2.21 < 5.28 BOAO a 560 
Navigational coordinates, table of _______ 963 
Navigational errors__________________ 678-688 
barometer errors. ___/___--_-____-- 768-769 
chronometer error, defined__________ 418, 916 
determination) of 2522s 49an5_2i22 490-491 
cireletofsuncertaintyn 2) o. Sas no ee 685, 916 
compass error, defined_______________ 918 
course error, defined___________-_____ 919 
YM OMCTT OL. OE on ee 146, 625, 929 
indexrerror (79ers ae ieliealel) 413-414, 931 
installation error, defined_____________ 931 
instrument error, defined_____________ 931 
loran errors, sources of___._________ 338-339 
most probable position____________- 685-687 
(See also Most probable position) 
inepiloting= 2.2222... 1.5. SO 280 


probable error, in dead reckoning____ 685-687 


quadrantal error, defined_____________ 941 
Oflgyrolcompass____=_____ _ 1 Seale 150 
of radio (bearings S5¥aeis5¢ S5s\ nw 313 
scale error, on polarstereographic projection. 88 
sextant Lerrors=_ 22 sae _ oleae 411-415 
watehterror 22420 feemeen find) onlin 419, 952 
determination) ofs.— 25-5. ia. 492-494 
(See also Correction(s), Error(s)) 
Navigational Handbook with Tables, of 
Mickerson’®. ( Tene)... _hanfiel) fab 539 
Navigational lights, light lists on________ 97 
Navigational Observations (H.O. Pub. No. 
606-a), description of ________________ 101 
Navigational planets__.._____________ 357, 937 
Navigational practice._______________ 595-606 
advance preparation_________________ 595 
Gaygstwork Ae. -2 28S) <0. OS 597-601 
CNUETINGEPOrt a se. = ae ee, 601-603 
fORME 3. oe ce. SiS aa 604 
following great circle._.._____________ 229 
getting underway... -_.___. se" ae 596 
landfall 2Useusil___ Gusta seal ask 601 
leaving port. _ _(secipaiyee Talo senha 596 
night order booky2i2u 4 45), aa 601 


atiseanno6 oo oe. ee a 597-601 


definedoS s.citesicen ainosdaell axis 393, 937 
deseription of. =.) feeSeh «4 bees 53 
solution of, by cosine formula_________ 56 

by cosine-haversine formula________ 56 


Neapicurrentaaemmne fee <= => 75 ee 714 
Neapitidesa Sen snnt 50 rete aneinet Serres 706, 937 
INeatrlineronicharts 968 2-2 =e 72 
Nebula, kinds of, defined______________- 366 
Neckrofifeeder current_.5 = -— so ee 740 
Negative altitude of celestial body_______ 387 
Negative number, defined______________ 1005 
Nektondetined2=-- =. 8 oe 701 
N Cin Cd iPS ae ee ast se *  - e 101 
Neptune; discovery ol ee 39 
featuresiof semeae * "278s" sas ee 362 
(See also Planet(s)) 
INCU trO Dieser tee er oe ee ee 289 
NEV Cites Seen = 88 oS Se eee 747 
New Altitude and Azimuth Tables, of Ogura. 534 
New American Practical Navigator, The; of 
Bowditch; first publication of _________ 34 
purchase of copyright of____________ 31 
simplification of lunar-distance method 
TDS ee Se ced ee a a ee ae 54 


New chant® defined 52 9322222. sanenue= ae 888 
New edition of chart, defined___________ 888 
New Line of Position Tables, of Weems.__ 536 
New: moonsdefined = SS2-3°5 --- ae ee 377 
Newton, Isaac; development of sextant by_ 42 
law of gravitation of, origin of________ 38 
shortcoming. Of = soo eee eee 39 
lawsfof motion of 5... ee 38, 354 
Principia of, translated by Bowditch _ _ 3 
Newton, J. A.; sight reduction tables of._ 534 


INey-siprojectiones a2 teases sata 86, 937 
(See also Projection(s), modified Lam- 
bert conformal) 


Night effect on radio waves___-_-___ 295, 314, 937 
Night order book, contents of___________ 601 
defined tee Soke tattoo eee eee 938 
Nightmark, defined__________________ 259, 938 
Nimbostratusmeees. =a, a saeeeee ‘782, 938 
Nim bust Sea se Sheen. eee 780, 938 
Nipped by ice, defined____-_.______. 761 
Noghepateames ste. ote. he See eee 15 
Nocturnal, description of_._-____________ 42 
Nodal period of moon, as tidal cycle_____ 708 
Node(s)Mlinewof=2 2222" >- ee. eee 381 
of Moon\s orbits - =... eee 381 
regressionjOL tee. 2 een: ono eee 377 
Noise, atmospheric, defined_____________ 912 
detin eQMarce® Iiiiy Ga. se tat ae tae ee 938 
radio, causes of. ee ep ee 297 
Nomograma degli Azimut del Sole, of 
Molino Wes eeeae tor. ao eee ee 572 
Noonwgeomagnetics.-_—_- oe a Oe 162 
localsapparent.. -Soahe. peace 496 
sideneall Gaertmen espe ee 483 
Noon constant, defined_________________ 938 
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Noon sight, defined ‘Oa ary 

oongsight.defined#as_- ___.. _sea8eb. of 938 Oblique Mercator projection, defined - - --- 70 
Norie, J. W.; Epitome of Navigation of _ _- 34 i nas 74, 76, 938 
Normal) defined. 225........echer_eeee 1020 (See also Projection(s)) 

Normal curve of random error_-_________ 681 Oblique photography____------------- 879-881 
Norsemen, voyages of_________________- 15 Oblique plane triangle, solution of____ 1037-1038 
North, compass, defined _ - - ---------- 164, 918 Oblique projection (see Projection(s)) 

grid\.defined2.. 20, Cubitt cuihtens 928 iO@bliqueisphere My S eS ee ee 368 

magnetic, defined_-_--------+----- 164, 9835 Oblique spherical triangle, solution of -- - -- 1040 

as reference direction________-_-_-_- 134, 164 Oblique triangle, defined_____-_--------- 1022 

true; definedueaeses.. steelers _olklroe O51 [Oboes i, bolee. in fr nciewee ers awe 330 
North American Datum of 1927______ 427, 892 Observatories, astronomical________-_-_- 48-51 
North Atlantic, ice'in._......-Usess-2 753-755 Observed altitude, defined _ __-__-__- 421, 450, 938 

International Ice Patrol_____________-_ 757 Observed latitude, defined___________- 453, 938 

establishment of___.___ 222222 -25-u2 31 Observed longitude, defined... 3282 5a2 453, 938 
laneiroutes in... bes iek.oee wen 755 Observers, cooperating, source of infor- 

(See also Current(s)) Mation-forses Aadeins ot 25 -. 873 
North Atlantic current_____-______----- 721 Obtuse angle, defined__.....-2-2 222-22 2 1021 
INorthGape current 825 lL. lol Stews 722 Obtuse triangle, defined_____-_---------- 1022 
North equatorial current, in Atlantic Ocagne, Maurice d’; altitude-azimuth 

Ceanse_ = avoweee MDM IGeNS) _ .=6 719 graph; of 23 2264 ext lle eee os 555-557 

THEN AM OREAT 39 ars eo tis (24 @eckuded frontsaveier ber shee. shee 802, 938 

MePacih#ekOceaN 5 rere een W238 jOvcultationvetes... 222. cccnseese Be 375 
North? Pacific. current... 4.2.2 = 723 Occulting light, defined_____--_--------- 938 
Northeast drift current in Atlantic Ocean. 722 Ocean current(s), in Atlantic Ocean____ 719-723 
iNortheasttradess 22 Se ee 798 CanGes Of 244.22 cc dda See 718 
Northeasterlies of arctic________-_------ 799 and, climatess<asiw. sick 25. Saez 88 725 
MO TUNETTIRC LOSS oer trans ar pate Se ray 584 defined fhee. 5. a. es Se 718 
ING EGU ERP (0135 11 0125 sa an te te rs ee 938 and density differences____----------- 719 
North-upward plan position indicator, extentsolws fe... <25 4.205255 ee 691 

Gen ned Seen en 938 Ree Vr Olsens Sccke ca sae ee 699 
INorwayecurrent_ 2.2/2. oF SUT ee Wo. 722 in-Indian: Ocean sree! 22eeett Io 724 
Norwood, Richard; The Sea-mans Practice layers.Of .....-o cn can-n se 743 

ieee eee ee ee enn 34 oceanic circulation_______------------ 719 
Notice to Airmen (NOTAM), contents of__ 671 eniginiofa»-w2thtes.-. 3. ees ae 693 
Notice to Aviators, contents of_____------- 671 in Pacifie:-Ocean_._......- staeatiies- 723-724 
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Paroeceme circle. 2 2_.--- === 20% xan th = 811 camera orientation 874 
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Parbehie Cireler igo 40a t eee Se nts 811 oblique photography, high and low__-_ 879 
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Pedestal on loran scope---_------------ 336 principal point, defined___._____------ 880 
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Eaportss eit aisle a ee ae 939 terrestrial photography, procedure for-__ 881 
escription and use of__--------------- 154 tilt correction, radial-line intersection 
Pelorus, pilot of Hannibal_------------- 23 MeLHO Geos cP sa5 see a ee 876 
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Per gyro (standard, steering) compass, procedure for___---------------- 874-879 
RIGHICUEN Sento eee een oe Ot SU 939 scale.of.._... -pepieb . etree eeeee 876 
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by buoys, precautions for_____________ 266 for: polar-charte 222 - /22222.. 20 621 
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in land navigation_______......_____- 669 on polaricharts*2e2 50m _§ Gita tO 52 620-622 
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Pitot tube. ------- 200220202 22II22) 673" description of 1102272202 Bo 
defined _----------2----2-----_. isle 940 instructions for using______________ 91 
water pressures by___----_.__-_______ 128 nse0-0f . aes 89 
lds pha et ace! ees LS aah (See also Chart(s), plotting chart) 
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ROE 2 es See aaa eter 612 determination of earth’s cireumference_ 19 
gyro CO oy a le 151-153, 625 Pion oe eee Of2 fo222202 cae 
izh=latitude effectst.° > 222222 = 2 Fok 613 gg co 01 aegis 2 
Eadantiau seo Gl 630 in navigational triangle -_-_---------- 393 
magnetic compass in___------------ 622-625 pele Maa sedss chee Gia Wil” RT ees 638 
meteorological effects in-___---------- 614 in sight reduction. 2 _ +=-~~./2-2-s 450, 502 
moonlight duration in___._______-_--- 640 astronomical, defined... <B2U2U591 3: 427, 912 
Bigs: oMikosr sarc 27 612-644 from celestial observations______---- 547-550 
(See also Polar navigation) US a eng Se UT ae 449 beet 
pilatinl Gh Oo oo oo ore Sched 630-633 eatcp en races a a a 
plotting lines’ of ‘position in_ —_-.. --_-- 638 coordinates of, measuring on chart____- 214 
preparations for entering...-___-_-__- 642 dead reckoning, in celestial navigation. 454 
rising, setting, twilight in____---_---- 639-642 geenedes: navigation .. 10 Jfont oe oo 
catliie aivcott sagan Wek DetrTa ye n lifeboat navigation _-__----------- 
ee oe Gt Wiatinsda os capa ae acug eh a 240 
summary of conditions in___-_._._--.--. _ 616 Gt Hoparinre, nee tiee eee ah axe 
tidesrand currents in. 615, 629 on earth, discussed - = -~~~-*-~-->----- oe 
inate Of oe OT 629. 799 effect of current on-------_-----.-- 249-254 
(See also Compass, Current(s), Dead J estimated, from celestial observation__ 454 
reckoning, Ocean current(s), Polar qpeneess Te ERO RA AMAATA bilo & 62, 
navigation, Tide) 2a lan pe ea ey a tebe ; 

Polar stereographic projection - - -------- 86, 88 iit, DUQHDE tig 22752577200 A alae nia 
(See also Projection(s)) ganmeaiie; AenDe - ed... .. Paw 1. Bin 449 Bon 

Polaris, determination of latitude by Fee eee ee of position’ 1aaw i a 
Sulsinen 201-523 line of are Line of position) 

lained_______-.---------------- ss most probable, defined_ -------------- 937 
pee «92 et oe Sod discussede: snnge o>. --=--0 Se WE 685-687 
ae Se oe bee distinguished from estimated posi- 

work fore. = =-— - agassiees [eu 8s 1056 : 
(See also Latitude) vere ea etn LhIa aibioutsed # one 
Me eat a ; in qataNipugre aa Set wes oe 258 
re en of nor celestial pole navigational, symbols for__--- ~~~ ----- 906 
oward._--~~---_-~~--~----------- 373 Uutiloting pecs éeecsenecs = ap ae! 240-259 

Polaris correction, defined__------------ 940 lotti . 

Polarization of radio waves_.-------- eT PLT t Peloton isan nO) 1 Sybil pve 

Pole(s), as assumed position _----------- 638 from single-body observation - — - ---- 550-554 
celestial, defined____---__-_------ 382, 916 by zenith photograph--_-------------- 566 
of circle on sphere, defined __-_------- = =1L029 (See also Fix, Navigational errors, Sight 
on conic projection. ____--~_----- $7 86 rs reduction) 
Fiid-eeeenenercns crn 10 BON AE 940 osition angle, defined _---------------- 940 
depressed, defined - 5-*-"__a-— +. -= 382, 921 illustrated a GR ag is ree Pre Sree i 396 
ae iiss ame 387 923 Position at Sea by Projection on Mercator’s 
Steele ho hoe ag en 389) 923 Chart, A New and Accurate Method of 
fi titic I <geeeds Se eS ’ Finding a Ship’s; of Sumner-_--------- 55 

etitious _ - --------~----------------- 74 “Position Finder”, of Hagner----------- 566 
geomagnetic, defined ODES CE 2s 162,927 Position Line Tables, of Smart and 
ice pole, definition and location _- - - --- 750 Qheanm eee Meea- sewn So2 ae oe ees 534 
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Position Tables for Aerial and Surface Prime vertical circle, defined )2=s5iteels 385, 941 
Navigation (H.O. Pub. No. 209), of meridian angle and altitude on, table 
jerces basher. Us... 9a bid ae penl 538 25! Sheet |... ee ee 1282-1285 
Positive number, defined_______________ 1005 explanation of hi seesS2e20ee_ eae 1193 
Post meridian, defined___-.____________ 940’ Rrince@Henry. =... ee 4 
Potter, A.; sight reduction method of___. 545 Prince, John_____________________-.__- 3 
Pound, conversion factors_____________- 958 ‘(Principal point, defined_________- shes 5 880 
Power of a number, defined_____________ 1010 Principal vertical circle, defined_______ 385, 941 
Bowerlsupply at xe ccccie cic oes 301 Prinerpia, of Newton --_.5)_____ aaa 3 
PPI (see Plan position indicator) Prism, description and properties of_____ 1025 
Practical Navigator, American (H.O. Pub. Prismatic error of sextant____________ 411, 941 
No. 9) (see American Practical Navi- Pritchard, H. C.; sight reduction method be 
gator) Olds he Se ee 5 Be, ee 
Practical Navigator, The; of Moore______ 4 Private aids, chart symbol for___________ 113 
Practical Navigator, The American; of Probable error, in dead reckoning- - _ __ 685-687 
‘Bowditchs, «nwa ot... fepes robe _ pervets 4 denned saaee eeaeee Se ee eee 681 
Practical Navigator, The New American; of (See also Navigational errors) 
Bowditch worn sir ...Jo-consrey. see sGna4° Productadefinedle 0 6s. S- so aes 1010 
Practical Tables for Navigators and Aviators, Frofilegdeined==s25= ==" VSMiye ree sas 941 
Of Rust) See ee 2. cen seria 525  Projection(s), for automatic dead reckon- 
Precession, defined Sy sia: oils. 5 xelees 940 ingEequipment se eeeee Se eee 88 
oftearthisiaxis...- <scecc a peleie 373 azimuthal, bearings on_______________ 81 
of equinoxes, defined___.___._________ 940 defined Saskeeaee =* =~ < =~ +5 = -5e Oe 70, 913 

discoveryéoimh at sherk el 37, 48 featurestotmet” == se kn =~ = See 81 

explainedstseee dG 8 Repssrtherspeys' eee yl fie 373 BLCAUICIECle One == eee 81 

Tabewohter Jars <n 35.5 eee 955 for polariregions== 55 55-4 see ee 86 
oljgyroscopeseuek =... sees 142-144 azimuthal equidistant, defined________ 913 

Precession axis of gyroscope (see Gyro- distance o naeeaee = * <= = Sh ERO 88 
scope) featuresiof2e -saes sree <a 70, 83-85, 88 
Precipitation; defined. - 2222. 34 _seasi2= 788 greaticircle one se ee eee 84 
Measurement Ol= aaa aes See 788 for polarwegions===ss== = ==-— ue 85, 86, 88 
Precipitationigagess=aenck bean ee 788 principalijuses| of 2. — === see eae 84 
Precision; defined 2:2 tse) igaese en) 679, 1006 Scaleionasee - 2222 eee 83 
melative idetineds sees" eee ae Ae 1006 azimuthal orthomorphic (see Projec- 
Precomputation, in air navigation_. _____ 675 tion(s), stereographic) 
for sight reduction sss seems. fossa. 510-511 chart projection, defined______________ 916 
Precomputed altitude________________ 510, 940 classification of--=-22 ee eee 69 
Preparation for voyage_________________ 595 conformal, defined=___-- 2 ==) oases 918 
Pressuye; atmospheric... _.- -basdo__ te. 2 912 properties of seas ee ee eee ee 69 
altitude correction for, table 24______ 1281 conic) defined. $522 =342 4 "2% eset am 918 
explanation of ._.----...2.2=. 1193 féeatures"ofls 20°" oe eee 70, 78 

effect upon refraction______________ 432 for polariregions=s0ss 4 = eee 85 

measurement of___-____ ote ends 765-769 standard parallels of_____________ 86 

sea level, defineds22222_______-_bs= 768 of Ptolemy ==_ *>> 77>" SROn ROE 19 

semipermanent highs and lows__-____ 799 simple conie => 4°55 ss=s—08 eneim 78-79 

station adefined Sawenem tasyaeth. saan 768 standard parallel of______/___*__ 1") 78 

unit conversions, table 14__________ 1264 tor polar regions: ==") S09 Bae: 86 

_ explanation Of actos ee 28 - doch. 1190 transverse conic. - 3255) -s5 ssi 78 
units of measurement______________ 765 (See also Projection(s), Lambert con- 

(See also Atmosphere) formal; Projection(s), polyconic; 
barometric, defined. -_......-.-csiutis 913 Projection(s), secant conic) 
conversionifactors sees == 4a eee oe 960 cylindrical, defined) 294 Gael 920 
dynamic, of waters... j-S.t_ Lolo. 128 features of. _. Le aomosior tt oaks 70 
Pitot, 0f water. fqctiinqe Jq-ock laa) Se 128 for polariréegions ©. -20Nmiimiasiab — 3 85 
ofiseanwater. - 22... BeBe eh abd ae 128, 696 defined se sne weet is & 9 ho ss 69 
stabienOf Water... <2 c2v2.4- 32 beniees 128 distortionva=. sees - 2 = asa 69, 91 
total jofawateteqSt0n —suwd- dogidue acts 128 (See also “features of’? under indi- 

MU bSOR Pepe ge Soa ete 2 re 696, 765 vidual projections) 
Pressure correction, atmospheric, defined. 912 equatorial, defined. __ 3)ase) aan 5 69, 924 
Pressure gradient, defined ______________ 797 equatorial cylindrical orthomorphic____ 69-70 
Pressure ice-----------------------.. 750, 940 (See also Projection(s), Mercator) 
Pressure pattern navigation.____________ 675 metrieudetined 69. 927 
Pressure!ridgewofiice 25-5) sane ae 750 ECOMmetrle, Ee  CGRGRW afiar Sa eee ’ 
Pressure tendency, defined__.___________ 802 gnomonic, defined_____-_________ 70, 82, 927 
Prevailing westerlies___________________ 798 features of -- oo ee 82 
Primary, of celestial body______________ 353 great circle one. 6 see 82, 100 
greatiemrcleqas= 4.4.2.4... eee 1029 PEINCLD aN SC. Olea see ae 82 
Primaryiradarot Satine he siueee. 309, 940 publieation.efine. 22 Daan of. ees 100 
Primary tide station, defined____________ 940 of Tales) tiene A et ee 18, 82 
Prime meridian, defined_______________ 63, 941 graticule of, defined_______________ 70, 927 
establishment of-.....8 5. 824... 48 of, Hipparchsen- 225. ooscc22e- 20M 1 
(See also Longitude, Meridian(s)) inverse cylindrical orthomorphic_______ 70 
Prime vertical, defined4.34 3." 13_4 oy" 385, 941 (See also Projection(s), transverse 
finding time ong... 1h 526-528 Mercator 
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Projection(s)—Continued Projection(s)—Continued 

inverse Mercator, defined__-_--_------ 70, 931 rectangular, defined__-_--.---..+2---- 943 

(See also Projection(s), transverse features. ofi2e. Se_ Pewee eee 77 

Mercator) . forstaricharts. -—<c.cccc ee eel TAC 

Lambert conformal, bearings on__----- 631 secant conic, defined! 32222__ sees 80 

defined 2h ssreee ef. ea 80, 932 (See also Projection(s), conic; Pro- 

fedturesioiet eke =~ 70, 79-80 jection(s), Lambert conformal) 

great circleon_-..-...-- 2022 ys. 80 selection oft-. PbO oon eS 

OTIC OE so icine mend eu e. 22 for polar regions_---.---------- 86-88, 617 

foripolar.regions.._.-...---2=-~-- 08 80, 621 simplesconies J) sidessashe St ate 

radio. bearings on_....... 9022028 3 80, 314 (See also Projection(s), conic) 

(See also Projection(s), conic) stereographic, defined______-__--- 70, 82, 948 
map! defincdemert te... 6... === 388 69, 935 features: of 2204. ceeh 2939. Age 83 
Mercator, bearingsjousoeset.........% 631 Origin’ of2i2! 2. ... bess). sseseee 19 

constructionoi&.. == "nesee ee... 2 72-74 (See also Projection(s), polar stereographic) 

defined sium. Metis sees ny S28 20 936 transverse conic, defined _---_-------- 
expansion of parallels and meridians_ 71 transverse cylindrical orthomorphic (see 

FEADULES Ol acer eee eee we eee ne 70-71 Projection(s), transverse Mercator) 

great circle on <.---.--28 44 71, 228-231 transverse Mercator, dead reckoning 

(See also Great circle(s)) equipment with... eee ee 88 

origingol Rate me stactind.. Besta. 21 defined ..3- ==" eweAiiert. BE Sete 74, 76, 951 

rhumb:line ions] <2 --..-...2..S8e 71 features of... ..<-... 2a eee 76 

SCalelOneee ee oan ence eee 71, 103 fictitious graticule on_-_--_--- palsies 74 

(See also Projection(s), cylindrical; greaticircleyon..--)..------ eee eee 87 

Projection(s), orthomorphic) fonspolarl regions. -_=_- Ssase= 76, 85, 87 
modified Lambert conformal, defined _ 86, 937 principal uses. of... .S88255_ 2-3 ee 76 
featuresiof.ct S22 tnetwoa! son ene 88 (See also Projection(s), Mercator) 

greaticirele ons UL) 262 Seu s_) SSUEe 88 ty pesiof =. See, eee 69 

for polariregions..____.. LEXA: se 88 zenithal,, defined____....--_SsaRa5-2% 70, 953 
fornauticalicharts...—..-.<-222225-24 103 (See also Projection(s), azimuthal) 

ING 3 3 2b ee eee 86, 937 (See also Chart(s), Grid(s), Plotting, 


(See also Projection(s), modified Lam- 
bert conformal) 
‘obliquesidefined S12 ome. tee) ote & 69 
OHNGUEICONIC .2-e neem ceca GO eee 78 
oblique cylindrical orthomorphic (see 
Projection(s), oblique Mercator) 


oblique Mercator, defined - - - -- 70, 74, 76, 938 
features ofess— <i on. ae SONS 234 76 
fictitious graticule on-------------- 74 
fictitious rhumb line on- ----_------- 76 
gereat.circlejoneae~ Salle Ses Se ai 
meridians and parallels on-_--------- 76 
fon polar-regions 222! BY isee2 2222038 85 
principal.use- of -_ Saewss srs: 4 3 2 76-77 

orthographic, defined - - ---------- 70, 83, 938 
features ofew_ Vises _ fon ase Cu Se 83, 86 
Origin«of 50) log Niee sS202 .. SU 19 
principalwuse- of 32 22. 2=2==S<-=be2 83 

orthomorphic, defined---------------- 939 
DLOPEELIeS Of=s- say = =o eee 2S 69 

perspective, defined___-------------- 69, 939 

for plotting sheets. ___--------------- 89 


polar. detinedeaaee. 2 22Uts SE OUTLET ES 
features of various projections- - - - - -- 
great circle.on===--=---===-=--+--- 87 
meridians and parallels on--_-------- 


SelechioniOls.2e- su. Je OL. She 86-88, 617 
types commonly used-_------------- 87, 88 
polar azimuthal equidistant, features of_ 86, 88 
principaleusefor.—2=see. BL 2IePeLee 88 
(See also Projection(s), azimuthal 
equidistant) 
polar gnomonic, features of ---- ------- 86, 88 


(See also Projection(s), gnomonic) 
polar orthographic, spacing of parallels 


(See also Projection(s), orthographic) 


polar stereographic, features of_------- 6, 88 
(See also Projection(s), stereographic) 
polyconic, defined - -----.-----=-- 70, 81, 940 
features Ol* 224s 55- 9 == Sets oe 81 
properties of___-------------------=- 69 
reasonsfore. Me -2a 2 SSeeeen taece 69 


Plotting sheet(s)) 


Projection-ruling machine-------------- 888 
Projector, vertical, for chart construction-. 888 
Prolate spheroid, defined __------------- 1030 
Brominence, solar_->.--....-Sss52-e. 2 380 
Proof; photo, litho, composite, and water- 
cote of chart... 22 -= eee ae 888 
Propeller of ship, pitch and slip of--- -- 130-131 
Proper motion of celestial bodies_-__-- 366, 370 
Gefined 4. 4-4 4 een ee = 941 
Miscovery,. Of j..--oe o ee 39 
Proportion, defined... --___ -F eure 1020 
Proportional dividers_+22-=---/2_--=- 845, 889 
Proportional parts------------- 941, 1050, 1196 
Doh ee a es eee 289 
Protractor, defined. —..2--—-.-— == «See 941 
description and use of__.._----------- 122 
three-arm (see Three-arm protractor) 
use of in. plotting Ssel22_ SSL eese2 2228 215 
Provins,, Guyot ded weyeleeu_fueagese 23 
Prutenicae, Tabulae; of Reinhold_-------- 51 
Paychrometer.<.o.n.~=<~-+os--0-SS SUE FE 778 
Metin 6 eb cree ere ee mie oe 941 
Psychrometric tables-_----- ----- 779, 1190, 1191 
for dew point, table 17__--------- 1268-1269 
explanation of .. “22U2=5=: -22=- 22-2 1191 
for relative humidity, table 16___-- 1266-1267 
explanation of - - - --------------- 1190 
Pteropod, defined - ---#2-/=_----------- 109 
Ptolemy, Claudius; Almagest of. 26, 36, 38, 48, 51 
constellations Ofaasass4_ 2220s. se 974n 
Cosmographia- ole .- = SOP EIO 19, 36 
determination of longitude by--------- 38 
prime meridian of - -__--------------- 48 
simple conic projection of - - - --------- 78 
WONlGEnTh Ole. cee eee ee 19 
Publication(s), for air navigation - --- ---- 670 
Catalog of Aeronautical Charts and 
Publications (H.O. Pub. No. 1-V)--- 96 
Catalogs of acronautical charts and 
DUbCNONS See ae eae ane == ae 96 
for electronic navigation------------ 96 


(See also Electronic navigation) 
MN POTtance Ole 22st. ssa a= a mee 93 
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Publication(s)—Continued Rabal, defined -—_ ©. - 5a8sitee}—feling 785 
information on Federal Aviation Agency Race fdefined '02~ .-< paiies uiseohl 941 
publications2 2222522022222) anes 94,671 Racon, in air navigation__________-____- 675 
miscellaneous. _______________ 101-102, 1004 chart symbol for + _ ----=---=--(etlageeh 112 
obtaining. ea wann Een .Ou t 94 defined" Jae sgctuewt jlesast ee oes 941 
oceanographic______.___________ 95-96, 1002 pribeiples of m5. - 2225222252258 Saaeee 323 
periodical (ar) so) amet. (enekios 99 adar____-_ eieirt-dchaietatatatatataieteietatetataietaiated 318-329 
sources of__________ 93-94, 97-99, 1002-1004 in air navigation —*_=__ 2." l tux sina 38 675 
cerminology. Of... ..<2.5. Salers Dee 94 Dea width Sv. s22-22-22 52> See 322 
(See also Hydrographic Office publica- defined _____ Sone ot nee ee 914 
tion(s)) bearing resolution __ _ - -. 222 sgaiouet 22 322 
Publications and charts_______________ 93-102 chart comparison unit______._-_------ 324 
Puddles, fresh water from______________ 752 charts foro. 0225255 -2252222s2deeeciees 96 
Pulsating current, defined______________ 289 hutter-——.--.- ee Sar kaet ate 323 
Pulse, defined Mash nuet lanai eur lol hs 941 ened Sots ~~ - 2 eee 917 
double) defined___.. Daltua minng Ss 922 collision prevention by____________- 324-325 
electromagnetic, discovery of_________ 58 corner ireflectorfors2_2 23525 t= aatees 322 
Pulse duration, defined_________________ 941 Meine on -Saiccccci2zcose Ace 942 
Pulse interval, defined_________________ 941 development) of___ === -==-+ 2 sigi= ds 58-59 
Pulse length, defined___________________ 941 frequency bands! i2alivs_waitl are 322 
Pulse modulation of radio waves__ 301, 309, 941 OR, oe eee = sons Ss seca eee 323 
Pulse ranging, origin of________________ 58 for harbors -~ 2-222. 2 222conam aathdes 324 
Pulse repetition (recurrence) rate(s). 318, 334, 941 horizon Of = 22222 22isssss2 asc 320 
basic, defined=_ 2.522.225." alpyia 334, 914 ice deteetion by: - Gi aclu=ier$:salscs 760 
specific, defined! _—_>___ __anaieet sale 334, 948 maneuvering byssesuylies. Jaleclosb 325-329 
ulse separation, defined_______________ 941 Mareont one. \dewzete, Sex tauul dog 58 
Pulse systems, development of__________ 58-59 plan position indicator____________- 318-320 
Rulse train, defined 2) 08s 52) ae 941 (See also Cathode ray tube, Plan posi- 
Bulseuwidth, defined)... 0! iianhel jin 941 3 tion indicator) 
Pumice, defined Jutitz: Sehecltestmn osn 5 109 in polar regions _~_.-..<c2dsedsdestha 634 
Pumping, of mercurial barometer__ 766, 825, 941 PYURAT yo oe ome eaa fesse tee seas 309, 940 
Purbach, Georgé_ -_--____ ifeyteade pains 36 principles {ofaaes==. 4s Sattoslest seh 318-320 
issuance of first almanac_____________ 51 ramark-— =.=... .... tisesseberee 323, 943 
Purey-Cust, H. E.; azimuth tables of.___ 571 (See also Radar beacon(s)) 
Pyramid, description and properties of... 1026 range resolution. .—- - -. sc0= 2a 9eeeS Ae 321 
Pyramid of Cheops__-________ seine sor: 35 scope interpretation______________-_ 321-323 
Pythagoraséer tna) Sitanctririg rat til tend: 36 Sea Teturn Paste 84 reply fa Wyectgn 320, 945 
Pytheas of Massalia____________.______ 16 Secondarye@: 05. Saephnhy -yatasen ME 309, 945 
Parts Around the World of____________ 22 stormidetection by... 22=-=5 == Saceeyee 788 
tracking by >=. — <= -. qe ebeett een aes 325-329 
true motion on... . 2p seu ates see 319 
Q@-band, defined. - gay 941 upper air observations by____.________ 785 
Qeéoil, defined beneath ae 204 use of, in tropical cyclone_____________ 828 
Quadrant, of circle, defined_____________ 1024 in weather observations___________ 59, 788 
common. a Ee Fae teens 40 virtual PPI reflectoscope_____________ 324 
CELT CC ese nes he oe ade ae ae 941 (See also Navigational practice, Radio, 
lof Godirey =r = oe yates wet 42 Radio propagation, Radio waves) 
INStrUINeNt. oe 2 Sey sepry Beery ae piel 415 Radar beacon(s), chart symbol for_____ 112, 994 
CAS — Eee St teoree ees cell” nee) epee 41 efined? = 22... - 520 ee ee ee 942 
Quadrantal correctors, defined_________ 183, 941 principles of . 72. Riesiai Ales 325 
during magnetic treatment of ship____. 207 Radar bearing) defined22s"= = Se, cathene 942 
effect of permanent magnets upon___ 188-189 Radar chart, experimental, publication of. 96 
LouUInerchecks Of a= ysl ss eee 195 Radar comparison unit, charts for_______ 324 
GEStin CIOL tee Resets eee ee il, 184 Radar conspicuous object, defined_______ 942 
Lise Of PE oe > let ea 183 Radar horizon, defined_________________ 942 
Quadrantal deviation, defined__.________ 941 eliscUssetl 22 22nc 23 22: ower eiehe as 320 
Quadrantal error, defined__.____________ 941 Radar navigation". 2)... Su pate 323 
Offgyro Compass! cle s9_ oil wrest woo ltoe 150 Radar Plotting Manual (H.O. Pub. No. 
Oiiradio bearings" 29)" 4, whee alee 313 BOD wiceg emer eos cn eee: “laren wel 99 
Quadrantal spheres, defined___........__ 941 Radar plotting sheet (H.O. 4665 series)... 325 
ee also Quadrantal correctors) Radar reflectors, on buoys. =a) See 265 
Quadrantal spherical triangle, definition define@tty AAS! (s)uc:tsoier9 cle. area 
and solution of____.____ = a= e ee 1039 Radar shadow, defined________._______. 942 
Quadrature of celestial bodies, defined _- 377 Radar target, defined______....._...... 942 
Quadrilateral, defined ___ Soe ee Soe S 1023 Radial, of omnitange. 2 \.udseecad ale un OF4 
Quarantine report stations, sources of Radial. linemiota. ee 876 
information on 2. le ae 96 Radial motion of celestial bodies________ 366 
Quart, conversion factors___.___________ 962 Radial-line intersection method of photo- 
Quick flashing light, defined__..____ 941 grammetric tilt correction____________ 876 
interrupted, defined____________ 931 ee conversion to are units_________ 959 
uilter, E. S.; sight reducti : Ce ee rea a ie ee 942, 1031 
clean sight reduction method Satie a Radiant energy, defined________________ 942 
‘aleindafnad -- Ol amv all simOu : Radiation, defined__._..._____.________ 942 
Of cinele "AGN hed oe ane ee Te 1024 Bitdistion fog baz 
Quotient, defined -- = - 13 aes 1011 Radio, chart corrections by____________ 117 
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Radio—Continued at 
definedia. grceceris 68 --bey alin woe 942 Radio propagation, antennas for________ 297 
direction measurement by ---------- 304-306 characteristics of, by frequency band_ 298-299 
distance measurement by__________-_ 308-309 classification of 5°... 22.2 Js-tess senses 300 
early communication by______________ 58 critical range, of loran waves__________ 337 
frequency channels of________________ 299 direction measurement -----_-------- 304-306 
information bys... -- =<=ewees eles 96 directional control of__---_----------- 307 
interference ee ete. =. Soc seecesessset 297 facings wus MORN. se Segoe 295 
control ofs45. 2.22.22. hannah Johue 299 interference in 222222222 sceeses eed 297 
famming of e0 280. ... hereitols 2tripi 297 in ionosphere.) hoc. 2. . SoS Te 293-295 
poise: causes Of) Le T Ee Me Neeley « 297 jammingofo.4 2. .c.csccccstepeltetes 297 
receiver, components of____________ 301-302 of loran*wavesis ......<.c2sss-3e 58 337-338 
speed measurement by____--________-_ 308 maximum distance of____________-__- 295 
for survey timing equipment__________ 839 noisepicauses.of.. -.-25<22 sss eee ee 297 
(See also Antenna, Ionosphere, Radio in) polar regions: . ........Gse8sb secs 633 
propagation, Radio waves) pkiplistancé:oo, 2. -nenerssseee0dh 294, 947 
Radio acoustic ranging______..._______- 309 Akip vone: SMUT. DIO Siew use as 30s 294 
Héfined22e2.. 0! Gealteh wien oacule_ 942 SPGCU@MRC.. 2. -recerecsscssecexss 289, 290 
principles'of fo" So Galemonaul) stip 2 316 (See also Electronics, Ionosphere, Loran, 
Radio aid to navigation, defined_________ 942 Radio waves) 
(See also Radio navigation, Radio- Radio propagation signals, of WWV----- 633 
beacon(s)) Radio‘rangé 2024 Beet - seurevess 59, 307, 674 
Radiovantennas= 2 _. 2 egies 8 297 defined_*o5 "=~ 202: asiaaagosa suet 942 
(See also Antenna) omnidirectional___________---------- 317 
Radio astronomy, beginnings of __-____--_- 39 principles of22 ee eaess sees. 5539 SNS! 317 
MefineGurwui yi ~ssseeces-2s-be90eb J 042" Radio sextant=c- lle sieeiccesceaht SaoM 304 
determination of position by__--_----- 60 Radio spectrum_-_-_-------------------- 290 
Radio bearing (8) 222 222-42 2ssss2=2--2 S3=395° Radio stars: 2! 2 Lol ee oe oes 365 
coastal refraction__---------------- 293, 313 Gisco Very: of UMS lvcecedescs ss Re 39 
conversion angle__-_-_---------------- 314 Radio station(s), chart symbol for_------ 112 
Mefinedse. Gk FEU. 2 ae ees en esesseess 942 commercial broadcasting, on charts____ 116 
Brrorshintes sol < > Sets oa = 32-30 AE 313 sources of information on___-_--------- 96 
Homing yee Vk See ee Sign cit one 314 Radio time signal, defined___-_---------- 942 
land sje BP. LUO Bugis. Sas 313 (See also Time signals) 
mipntreftectes/.42~ 2522224 £2 25. 295, 314, 937 ; chart symbol for, 
Woothing-of ia. 0dtul esiatace Suasnte Wee! yee aster teeth PR aoa ae 115 
(See also Plotting) Radio track, defined_______------------ 307 
polarization error__-_---------- 295, 314,940 Radio trafficstations, sources of information on 96 
quadrantal error-------------------- 313 Radio transmission, classification of__---- 300 
reciprocals, treatment of - - - - --------- 314 Radio waves, absorption of___---------- 296 
use of __---------- ---2---5-------- 314-315 Amplitudeor, detined=.---2--..—- = = 290 
(See also Radio navigation, Radio propa- etienuation of 222 2° eee ee 296 
gation, Radio waves, Radiobeacon(s)) la ckout of en oe oe 294 
Radio blackout=>--2-~-----=-----—.- 294, 634 characteristics of, by frequency band_ 298-299 
Radio broadcasts=2222 2" soe st 99-100 EissificatlOnOls sees Seen oe See = 300 
(See also Radio Navigational Aids, Radio coastal refraction of_____---------- 293, 313 
Weather Aids) Gefned see ere ee Oren ee ene ae 917 
Radio communication, International Code critical range, of loran signals---- ----- 337 
of Signals, Vol. II (H.O. Pub. No. 104) Ae tin Cd ee ee een eee 290, 942 
(racic) eee oe eae = Se Pe See 96 GemodwiationrOls = 222) eee aoe a 
Radio compass, defined_-__------------- 942 GIMpraClIONVOl sa= Sat oe eee a 
Radio ditestion finder, automatic, for air direction measurement Of ae ae 304-306 
Na VIE ECO Mee ae ae 674 directional transmission of_-_---------- 307 
ete tl cee eee ee ee 913 GGL 60) trecaes sae ee eS Sse 292 
CHALE BYI0DOL ORs on a oe ee ne 112 ido LV ACO hogar ieeeaaeieresestes Seas See 295 
OWI Lasetse a2 S2 St oar 942 1OPAN oe pono een cee 337 
deviation Of, defined---—-.=------s--- 922 AT BtEOTOCUCUIONTO ls. ee see seem 58 
Grstiitiization Of-2- 9. 5. —--2=o=>—- se 58 PPeCUCN Cys DAT OS = eae see ene eee eer 291 
manual, defined --------------------- 935 OL TSCR0: nna ee eae eee ae 322 
in polar regions: -==<——. ..---~2-4---- 634 THOGUENCY UNIV. 2 ¢- nr no eho f= = = Fe 290 
principles of- ----------------------- 313 BLAZE AUSIC. Ohne oe dao © seers 291 
upper air observations by - - ---.-.--.- 785 ground waves, defined____--------- 294, 928 
Radio direction finder station(s), defined. 942 tneatiehs aint sade star d aoe 337-338 
PUN CHIONS Of ee ne wna aan 313 Hori 7OnOfetesoc of Ja a = See 292 
sources of information on_------------ 96 interference Of2= 22. .-4fe-2 8-2 cE 
Radio frequency, defined _-------------- 942 in ionosphere. _ ...---------------: 293-295 
Radio eatin defined jo2 .. - ..- -aeistat-8 942 in. polar. regions 4 - 2-544 - -dexemictk= 633 
GisGussed) pe aS See ee 292 lanclvetiectee ete eet eee ae ae 293, 313 
Radio navigation, defined _-- _--------- 62, 942 CO NODAR sachest ut - cob =~ o--4— oe = 337-338 
(See also Electronic navigation) ppomnetio Aeid of Sp ee ee oenee 
; ecg: . uring magnetic storms- -_---------- ' 
Radio Navigational Aids (H.O. Pub. a 316 Tacie eeceeahis frequency of__------- 294 
117), consol tables in - - - ------- 96, 304 313 NILCLOWS VCS) ete a a 291 
pe of en anni obention as nel modulation of....-.----------3 300-301, a 
corrections to ----- Se Sa ia a eee miohtietect Ol... .----2-s---<- 295, 314, 
information on radio broadcasts in_---- ae er ec ase 294-295 
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phasc.ofc2 <2. 3S! Senoniae Letiegen 290 of tide—Continued 

polarization*tof 42031907) Yo_Jo Se 291 relation to current speed___________ 715 

polarization error of__________-_ 295, 314, 940 variations in: ...-C2 J9921 7m 706 

propagation of, in polar regions________ 633 tropic, defined __. .. 21 sean eas 951 

speediofaee. ..-<2..ceneiies 289, 290, 308 U8e Of 6 $2... sen 241-243 
(See also Radio propagation) of visibility, defined_________________ 943 

rangeofe-ei-.2-2.> = ee ee ee Fe 295, 298 Vortacsuaretiee 2 so 308, 674 

meflectionoOfge.--.<- 2.5.24. ome 291-292 Range finder, defined__________________ 943 

refractionofasugeee' ke J. 2D 292 Range lights, defined_____________-____ 943 

representation of s5=<2s=2ss2.25s ie 290 Ranging, pulselivs .........-. IS ae 58 

scattering of f-e2ee2.222-.25. 88a oe 296 radio acoustic, defined_______________ 942 

sense, of aes ete. Seve. somata aru 305 principles/of__._..... #8_422essueiee 316 

Skipidistanceiof226424_..... 7 mans 294,947 Rankine temperature, defined________ 776, 943 

sky waves, defined..=----... 8897257 2945947 Raobyidefined__seulwsu-) _seqetad pele 787 

ofloraniwed « <<. 24-5225 sec OO 337-338 Rapid Navigation Tables, of Myerscough 

source ofemele. ai seeks. 182. 2. 289 and Hamilton. "22 __.._-.=t.ee sieuen 536 

Specdiofaasy. seiieee. 22 co ke 289, 290, 308 Rate, of chronometer, defined___________ 916 

superrefraction of__._________________ 292 (See also Chronometer) 

terminologysofsa2_-_... 2. aa 290-291 ofloran, definedss8el . o2ltenivesot Be 335 

transmitter for tet see tee 301 (See also Loran) 

(See also Electronics, Loran, Magnetic ofwatchige. S62 22 ye 419, 952 

field, Radio propagation) (See also Watch) 
Radio Weather Aids (H.O. Pub. No. 118), Ratio; defined 2: ._..........-fenredand ost 1020 
contentsiof@ =.) 2 =. 2. Be ee 97, 304, 817 of ranges; defined. = 525-44 ~=-nends 943 

corrections to_4254s4_..-.-._.... $4 97 oftrisendefined [5 s22 5.2525 943 

information on radio broadcasts in_____ 100 Rational horizon, defined__.____________ 943 
Radioactivity of sea water______________ 698 discussed; = 2iboys 2523p. tien 386 
Riadiobeacon((s)et 2. 5...) 5. ee eee 313 Rawingdefinecd ase)... .5: mathe gate fl 787 

on buoyss9s_~h_ beteg ys 27 eete. feng 4 265 Rawinsonde, defined___________________ 787 

chartisymbolifors3_saems=Sane4 eee M2 4 «6RBVGISt Soe ne rc 309 

defined ewes... en patie ppt! Wn ae 942 developmentiof_ = 5255) ae 59 

first installation of_....__.___________ 58 hyperbolic, principles of >3._.......- 8 3 346 

information on, sources of_____.______ 96, 97 pure range, principles of____________ 309, 330 

inhpolarpregionse? Se essa eis oF 630; ReadsNathan ss... ..<. 22000 seen. 

TOLATING Seer rn Nee ee ee 307 Réaumur temperature, defined________ 775, 943 
Radiolaria, defined. _-______221_1_1)_ | 109, Reeiprocal, of number___-_i:cisteKl acts 1007 
Radiosonde, defined___________________ 942 of vectorae ... =. .25.5. ee eae 1017 

described tua jaa oy ae (ee ee 787 Reciprocal bearings, treatment of________ 314 

upper air observations by____________ 785 Recording tide gage, automatic, portable._ 843 
Radius, of circle, defined_______________ 1024 Standard $e 2. 8 ee 844 

of sphere, definéd_-_-- = 2-2 -.) 1029 Rectangle, defined_____________________ 1024 

On visibility, defined... 295225 eee 943 Rectangular coordinates, defined________ 1031 
Radiusivector, defined2.=__1112)). "2" 103} Rectangular errors: 25525...) 545s 682 

Of planetaryorbits- 922-8) een en 354 Rectangular projection, defined_________ 943 
Hadomendetined = sates mam nae eee 943 (See also Projection (s)) 

Ralosmeeeee coe rn on see tee 347 ~— Rectified altitude, defined____________ 437, 943 
Rattingfofisea,ice.2.. 2 ss 750 Recurrence rate, pulse, defined__________ 941 
Railroads, on charts_2___-_-_ 7 eS 114 (See also Lacey 

Rain’ gage) recording: 2 oe san- 5) lon on 788 ‘Red Azimuth Tables’ (H.O. Pub. No. 

(See also Precipitation gage) 200) pesee Oe oe 97, 569, 943 
Rainbows, types of _...._2__......____- 810 extracts from smecos ct So Monge 1165-1167 
Ram oticeseee ie ae toe eee 748 Red magnetism, defined_.._____________ 943 
Ramark, defined: =~. ----) 943 (Red. sector, defined#r2v2- S.Syou aes 943 

PEINCIPLES LOL ser a= ee ee $23 Reduction, defined_2_-__:-....-...0°" 943 

(See also Radar beacon(s)) Reduction methods, for chart construc- 
Random error, defined_________________ 943 #100) De SUES © Tee ~ 228s ae 891 

discussed ama ee ee ee 680-682 Reduction to meridian_____.____________ 518 
Range(s), chart symbol for_____________ 113 mefined ~~. ee. en 943 

critical, defined_________________ eee Ae OG devicelton of, Vilkitskiy sesame Gee 518 

defined #useterse anpeces BRON (ons 943 (See also Altitude factor) 

four-coursest=,et ~teaet - GF 317 Reed horn, as fog signal, defined________._ 267 

geographic, defined. .._-_12.__2.___1. 926 Reference direction. 9°" 2) 289 38 66, 134 

offlights:.22 cet oeies,.cetee ia 261-264 (See also Direction) 

onichar ts 9G ee ee ee 263-264 Reference station, current predictions for_ 273 
(See also Light(s)) defined. See. oe ee 943 

objectsan2semete ----4-c ee 241 tide predictions for__________________ 269 

radio ydefined= eee = AUG) hod 942 Of tidestablese ea: cc.. JeLOeD cee 269, 711 

OLFAdio signals. Vaan > 3-7 99 295,298 Reflection, angle of__________________ 398, 430 

ratsonoitdeinedeet <7 0 943 of radio. waves:.....090080_20ll aa 291-292 

resolution ofliradar \eidtemanasiend ate. 321 of underwater sound ui 2 aeial3_ols 744 

é ’ idee Shdtelinte mint cae = Reflectoronsgnuloyst as 355. 44s a 265 

of tide, computation of_______________ 270 radar, defined___._____ 942 

defined_ OIE Si horn airs RO 704,943 — Reflectoscope, chart comparison unit_____ 324 
In piloting +e a a 267 ~=Reflex angle, defined__.._..____________ 1021 
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Refraction, abnormalities of___------- 431-432 Resultant, of vector addition____________ 1017 

altitude corrections for_------------ 429-432 Retentivity, defined_____.__.__._.________ 159 
érrors.in tables zea-see-- + = SLE 431, 432 (See also Magnetism) 

frommlifeboat-.<<.eee3--~ == - 4 Le 657 Retired line of position, defined_________ 944 

astronomical, defined ___________-_-_ 430,912 Retrace, of cathode ray tube____-_______ 303 

atmospheric, defined___----------- 430, 912 detinediss «sites 4. ee el eal Go. se 944 

coastal, defined 2seteui eta 2 5-20U LS 917 ONMOTANASCOP Cre cers ns eae eee 335 

Ofradio-wavess S622 . kano 293,313 Retrograde motion, defined__.--4-2__ =~ 944 

defined_______- Rae ees Je RED 943 OD OVC ares ester teapot hen SE, 377 

eltectofuponrdip == =< .c.e<ee see cee de 423 ‘Reversal’? method, for securing de- 

effect of various conditions upon__-_ 431-432 Palissing OMS Ke eo oe ee Pee MOE 206 

noriwontal, defined__---.---2/0220- 12: AS “Reversing. current._.._.. Bes 99s Sra 712 

MUGLexuo few ~~ =~) SARARAY WAS nore 430 Revolution, of celestial body, defined_____ 353 

meni, cefin edoc~ ee ee eS AD 430 Of MOON. see tee EL Ur Bee ae 362 

Siroepan wavesle: [SUPT 222160. < Vali 73d sidereal,, defined.o< 282232 5_ C2006 -6L 353 

an ipolar repions- seh eet. os =o 0 Sele 637 By MOdiCy defined et ars ee 353 

eOfracionwaves= se sos see eos es ee 292 Revolution counter, origin of___________- 25 

terrestrial, defined 2 ee 22205 1 5: 430, 949 speed, byes AR DMs. OL AY tee 130-131 

eficetrofsuponidip=s===- 842" BO: se 425 Rhomboidtdetined 220h...2218 Cali See 1024 
effect ofetemperature upon). 28ae" 5425 Rhombusyidefinedseusussas-=ssenk. S88 3 1024 

MNCOytOl— tte wee aon ee EES 429-430 Rhumb bearing, defined_______________- 944 

of underwater sound_______-_-------- 745  Rbhumbicourse, defineds:.22+-.--5)_22- 944 
Refractive index, of sea water__-__---_--- 698 Rhumb direction, for dead reckoning 
Regiment of the Pole Star, The;of Wakeley. 568 eniipment ss. See ons ee 8 
Regimento do estrolabio e do quadrante __ __ ac Ethtimb line, defined 2ees-serae: se 66, 944 
REpIOmON LA NUS Se a eee Ses ee eee 36 Actiwnous, detined sass 4s=.<.-- Ieee 76, 925 

issuance of first ephemeris__-__-_------ 51 on, polar grid. tal sys) eates Vee ews on 618 

HunMinacistance = ests ess as hee 45 on Mercator projection__-_-------_-_- 71 

Nuremberg Observatory-------------- 49 on mautical chart... Wt 23hhe. Salsa nes 228 
Register ton, conversion factors___-_-__- 962 LO toes Of Same as ee 215 
Regression of nodes 2222-8 eo Ieee k 2oe 377 Qnypolamcuante -a8 <= Sa eee oe ee 620 
Reon lar polygon, defined= = "2> =! "2 eo a= = 1023. Rhumb line distance, defined_-_-_-_-_____-- 944 
erular prisin, detineds=—*=s =~ ==" oe. 1025 + Richer, Jean Francisco; computer of - _--- 558 
Regular pyramid, defined=--_—S-ss--_-=- 1026 Ridge, use of in piloting: 22202222222 2)_ 258 
Reinhold, Erasmus; Tabulae Prulenicae of - ol Right angle, defineds 2... =25--- 2 es 1021 
Relative accuracy, defined__--__-.--_-_- 1006 Right ascension, change of in almanac__--_ 52 
Relative azimuth, defined --_-_--__-+--- 943 circle oidefineds = 22282 ene etre 916 
Relative bearing, defined_------_-- 67, 241, 943 retin e Caters ty Mla so ee 383, 944 

reference direction Of === — 2. -= 134 PRT CLN GS: ory 2) La A a Cia ee ee ree eee 479 

(See also Bearing(s)) precession of equinox in_____--__--_-- 373 
Relative humidity, defined__--------_- Wis,044  Rightjeore. definedss 2522522222252 22= 1027 

“OIG kOe dors out Seen ae eee 1266-1267 —Rieht cylinder, defineds=2.2--254"22=--— 1026 

EX DIAN MUO UL Ole ame = Meee ee Oe 190" Right line, defined s25 522. 222482 Se 1020 
Relative movement, defined__-_--_---_---- 944 Right plane triangle, solution of___-_---- 1037 

GULEChIONNOle seen eter ees ae 326, Rightyprism defined=_2£-222.-ee- see s= 1025 

PIN CUD Lee Ole eee ae = eee em ae B26-829 Right pyramid, defined. 222322242. 5_ 22 1026 
Relative movement line, defined_-_-_------ BOL. Rip pispieres~ Sheer fey aes ST 367 
Relative precision, defined_-_-_---_-------- 1006 Right spherical triangle, solution of___-__- 1039 
Relative speed, vector of____-__--------- S27 Right triangle: defined - 222s s2=22552—_ 1022 
velabivitty. neory Of ne = eg a BOnsDo. IipcuImonttenc co. = ne cee e ee see 740 
PpenerOnrcnariser see te = Se 114 (See also Tide rip) 

(EVAN EGG 2 = ty ne pee erect an epee OAc —Rinpless defined #55258 255 2932S se ee 727 
Remainder, Gelmede- oe ts £2 ee = 100% Risevot tider defined 222222 2 -22--=-s5. == 944 
Remanence-cdenmed= <=> 7 iL te 2 oe io oad on charts sii 2222055 SS See eee 114 

(See also Magnetism) Road pen, for chart construction __-_-_-- 890 
Remote-indicating compass, defined _ - - - - O14 Roaringtortiess: 2222222925222 -2=— ence - 198 
Repeater, compass, defined __-_--------- 918 Robertson, John; Elements of Navigation 

Bl es iraVey0 | daeleen deleepenperl ee ernment, Pveeeetoy ee 944 OL nee i to Se oe eee eee 

yO, Lette See ee 929 Rockefeller General Education Board___- 51 

GeseribeG en eer a Se eae 153 Rocking the sextant, defined__-___-~_- 402, 944 

Of Pitot-stalic tt. 2ae"- - 22 —- —en 130 Rocks, reefs, etc.; chart symbols for _ - - - - 110 

OL TAT -BUODC] a. ee eh 319 Rodmeter, of impeller-type log_--------- 130 

Bteering, CeumeGs- 6. aoa n a toe 948 of Bitot-static log---22222 2 Sarees 128 
Repeating decimal, notation for___------ 1011 Rolletdel’Isle, sight reduction diagram of- 557 
Repeating theodolite:__---=+___--------- 840 Rolling resistance of beach------------- 740 
Repetition rate, pulse, defined____-------- 941 Roman mile, origin of-_------- eee eee 26 

(See also Loran) Romanovsky, A. A.; azimuth diagram Gite 512 
Reprint, of. chart; defined... -~..-=+<-.- 888 Romer, invention of transit instrument 
Reproduction of charts, processes for-_--- SO  gOVeeees- =. ee 50 
Requisite Tables, of Davis_.-+---------- 57,528 Root, extraction of, defined_------------ 1012 
Resection method of visual survey control. 858 Root mean square error___—----~--------- 681 
Residual deviation, defined_—__-_-_____ 944 Rose, G.; sight reduction tables of ---_--- - 532 
esOlUtION, Ol DCATING =... me ee ao 322 Rossa, Battista Testa; Brieve Compendio 

Germede se seen nen Sets see ee Let 944 demAriedeliNavigar 0l2 25.2 22--2 22 22 

Olsrange: oe ee Sen te ee ees eet ee Bole | Rosseeourrentoe 22222. 5-22 225-- 25-2 =5- 724 
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otary current, defined_______________- 944 Sailing (s)—Continued 

Be pl ak ac bisiee aos EROS IED 711 _ traverse, defined____-------------- 221, 951 
inequalities.of:....... _bes5as5534.205 713 CXAINDIE Of co meat aqnasseHeh a ie 223 

“Rotascope’) =.=. 828. 22h tees ee 24, 141 RISLOTY. Ole pe nnn ann >= eORees am 29 

Rotating, beacon: --- s843- ees) 22 as eo 307 (See also Dead reckoning) 

Rotation, of celestial body, defined _____-_ 353 Sailing chart, defined__________-----=--- 944 
Of MOONS... Fee eee a 362 description of: =--.--.- - festa 3 104 
sidereal; defined... sige: nAlase he 353 Sailing direction(s), contents of_------__- 97 
synodic, defined .- <<<-.5.-=2-ca-Reee 353 corrections to, in Notice to Mariners_-__ 99 

Rottensices. sghusss.. 36... bstiegs. ee 752 defined sa Shon 2 oo oo eee ee 944 

Roughlog ,origin of. ee 29 history Of .atoq-: analiieass ae 16, 18, 22-23 

Round of sights, defined_____________- 455, 944 for polar regions: —- Scie epee 632 

Rounding off, procedure for_______-_-___ 1007 supplements and changes to_-___--_---- 97 

Route, selection of, in lifeboat__________ 648 St. Elmo’s fire.________-_- Kp ota ees 297, 813 

Routes in North Atlantic__.___________ 755-757  St.-Hilaire, Marcq; celestial line of posi- 

PRoutiers ya noe on eee 22 Pion Method. Of. 42 95-- —-=_= ---- 56, 528, 944 

Rude, Gilbert T.; star finder of__________ 586 Saint-Pierre, Le Sieur de; establishment of 

Rudolphine Tables, of Kepler et al________ 51 Greenwich Royal Observatory - _------ 50 

Rules of the road, area limits on charts__ 116 Salinity of sea:water_____.-2b_..---— 2. 695 

Rules of the Road—International—Inland_ 102 Same name, defined_-_--.-.------------ 944 

Rules of the Road—Western Rivers_____- 102 Santagina (wind)__..--_---------"4ag 807 

Running fix, from bearings__________- 249-255 Sargasso Sea___---- -- jeans eee 722 
from celestial observations__________ 458-460 Saros, eclipse, ¢yCle22 2s ce 36-5 5e wh 381 
dafinedspthen + dn Se A Sets ite debe 944 Satellites of planets___--.-..-.--------- 357 
effect of current upon______________ 249-254 Saturation, magnetic, defined _-----_--_- 158 
(See also Fix) Saturn, features of_____.._----- = Sree oe 361 

Running survey, procedure for__________ 864 Satyricon, of Copella-_----------------- 36 

Rust, Armistead; azimuth diagram of____ 572 Scalar, defined_-_____- wa - n-ne neue O44, 1OLG 
sight reduction tables of__.__________ 57,525 Scale, on azimuthal equidistant projection 83 

Riitterseeeep es — Aae ee nn oe oe nc. sO eel 22 chart classification by_-._..._---.------ 104 

on conic projection. _-.----.--- = __ 79 

S:band,.detined .. . e-Beak. s2aote nee 944 eonversion factors fors- =. -- 955 

Sadler, D. H.; sight reduction method of__ 545 @ehineG. see =e ke ee eee 103, 944 

Sailing(s), composite, defined__________ 221, 918 as factor in projection selection______-_ 88 

exam ple Of ne 2 eo2 eee ee cet 235 on gnomonic projection_____________-_ 82 
define G5 awe ce 4 et ars rain net 221, 944 graphic, of charts_____ Pet So we aie tneapareerss 103, 893 
great-circle, altering track____________ 235 on Mercator projection_____________-_ 71, 103 

bygchart te... 8 22 cee Sele ee 230 on modified Lambert conformal pro- 
bygcompuUtation sea. se ene 232-234 JecliOnee = ee eae eee 

by, conversion angle 2_--_ 2.25 231 natural, Of-charts: 2-7 ee 103 

defined 2325. Sap cee eee eee 221, 927 defined seo... ee eee eee 937 

discussed: = 2 =. hated, sates 229 MUMeTICAl TOL Charts. 2 eee eee 103 

CXAMIDl COL megs een. co ee ers 232-234 of plotting sheet for hydrographic survey 859 

final. COUrses8 22 ace ata cate He 231 on _polyconic projection= =. 5. 81 

geographical position, destination as_ 232 small denned =a... oe se eee 

history Of Sass." cease Sey 30 on stereographic projection__________- 83 

Initial sCOUTSClea = sees cee eee 231 suitability, O22 42. see ee 106 

on polar chante 2. sooo eee 620-621 Scale border, use of on charts___________ 893 

byp tables Gas sean. eee ee epee 234-235 Scale error, on polar stereographic pro- 

tables of Towson and Atherton______ 569 jection, ;reduction of = 44.5) -— een 88 

WODk fOMrmsfOneo ss. 7 aoe aor 1053 Scalene triangle, defined________________ 1022 
MStOnygO fare ee nee ee a eee ae 20 Scatter of radio) waves. 0 seme. eee 296 
Mercator, caution... °--. J.) ae ese 228 Scattering layer, deep________________ 134, 744 

detinedaccame 0c ae te a sae eee 936 Seheduledshooting=-.__--- eee 675 

discussed 2... eee gape ee eek oo 221 Schist,,define@sp = 2 ee ot. eee 108 

eXAIN ple} Olea aa se amie eee ae 224 Sehoner, Johannsen. eee 17 

ORIGIN Ol. eae tee eee 30 Schroeder, Seaton; azimuth tables of_____ 569 

WOK TODS (Olea =o == eee 1053 Schuler, Ivan; pendulum studies of ______ 150 
meridian -=detined-s- 544-0) an oe 221,936 Scintillation of star-—- ~~ Se ene 575 
middle-(mid-)latitude, caution._._.______ 227 Scoopfish, bottom sampler______________ 842 

i Fo apie eee eee ee apenas ie“ 221,936  Seope, deifed== ~~... 2. 945 

CXSTOADIC OF oo bak thee doen 225-227 PrineiplesiOl gece ee eee ee ee 302 

OTIG IN Ole meee ee eee mae ee ey 30 (See also Oscilloscope, Radar) 
parallel defined == -sese 0 ss. seen 221,939  Scoria, defined] 9.) 22) s- 3 ae 109 

early importance of________________ 44 Screw, pitch and slip of______________ 130-131 

CXSIN De, Of 32 fain ne aaa ae 224 Scripps Institution of Oceanography, Cal- 

OTN Ol i ah hace aie tk ie 30 WORDIA, sees ee ee TO 692, 694 
Plane CA UtiOn = eee aoe ee ae eee 223 Seylax,;Pernplus of... 2.) 6 eee 16, 22 

Gehved < 22> = Seer eee eee ene 940 Sea, appearance of, under various wind 

disclissedSOPe ste States so cere eee 221 SpeCds se see ce | ee ee ee eee 774 

CXAMPIOVONIN: Siac eemuls ce ceed coe 222 color of, as sign of land______________ 661 

history(oft TEMS a. 7 oe eee Maes 29 ANC WING eee ee ce ee nee 773-775 
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PACION et). AS. Ne OA aaa Saas 304 WOLK LOLMBS LO eyo Sree 1054 
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Shide:rule;of Bertins ........8 ean) 559 
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Solomon, provided pilots by Hiram______ 28 
Solstice, December: ceei_. doi) 3 373 
defined antemngs:U) 7200 _of dirt OF 947 
explainedaieuthy &. -yra.speiket eae 371 
UN@ 25. ae et. 4 a ead ot 373 
summer...AOneh boas senor 371, 949 
Winterncg- ee bee Aodwe 371, 953 
Solstitial tide, defined__________________ 947 
ONAL 2.2 Sa See hoe geen 309, 947 
echo sounder, a form of______________ 33 
ice detection iby Mees. Ip 5u8) anes V2 ae 760 
in polar regions.-SSs20% 19 appl ae 635 
Sonic depth finder!G. 12220. btn a plug 28, 133 
defined! s.s.$6.-Ptaves a) lobes ABA We 947 
(See also Echo sounder, Sounding ma- 
chine 
Sonic navigation, defined______________ 62, 947 
Sonic Soundings (H.O. Pub. No. 606-b) _ _ 96 
SONG. as eee LOL OK. 59, 308, 317, 947 
Sonobuoy 2200) siddatpyrby i. seannaal, 742, 947 
Sostratus of Cnidusssc. seu. osc ORL MG 28 
Souillagouet, F.; sight reduction tables of 57, 
533 
Soule, C. C.; sight reduction tables of... 526 
Sound, speed of, air-water conversion 
factors2HiNy 16 .Podien sosewhib dig 961 
in sea water_—.........dbodtem nig 743 
underwater... Se ghensem Jsegaad a 742-745 
reflection of :25355.-52> -O*MMGni ty BD 744 
refraction Of sees so -. ee 745 
SOUPCES Of yee <M oo Sen rere ee 742 
speed Oferealt Fre pd te cy a mtancee dk a 743 
(See also Echo sounder) 
Sound buoy, defined___-____. 2.2.2... 947 
Sound signal, submarine, defined________ 949 
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Sound wave, defined...-...-2-~---- 24-4 947 Speed—Continued 
Sounding(s), on charts, accuracy of_-__~_-_- 105 measurement of, in lifeboat___-_------ 651 
syibols fone eel SD 107-108, 996 MCUHOUS deck ee cree © MODES 127-131 
danger,.defined -2.-.—-- tae 20 WINEE 920 DY, TAGIO soo ss err SED 2 DES 308 
UsesOf ee eee 29 AS Le 20 257 of ocean waves, equation for____-_---_- 729 
CRO LIAN oe pene genet ee = ED 947 over ground, defined______------ 66, 218, 948 
echo,..defineds 22-1 0 IE OH 923 inj polar regions__ “uesaaee Sees Wa 629 
iby, echo.sounder=—..__.. -U3HbE2_A0Tr 28, 133 of relative movement---_____--------- 326 
A, Be a 134 of sound (see Sound) 
TUSLOPY: Ols= tae ~ = VO TUY_ IVETE. PE NCS Olea poe ee ee 25, 66, 124, 673 
Hye OF - CORN. ee ten ar ee CUE SUN 933 Ofewand .. 40 oe out "797 
in piloting. Mite 26% Aa eye SULT 258 Speed error, defined______------------- 948 
Geranie a Saree so. Mens ue o> Te 868-873 Of PYRO, COMPASSo.< eee ewe Cee ee 146-148 
deep sea sounding lines__-_--------- 869 computation of in polar regions - - - - - 151 
eqiupment fOrn-—- <p oat 869 Speed line, defined__-_-_-_--_-------- 453, 948 
evaluasion Of= a. -----= 10 fei) Paes 869 Speed, time, distance; table 19__---_ 1271-1275 
DlObLOf eee eee eee ee SI RO 873 explanation Of S2ctecce cece ee eee 1191 
PECOLGS, Ola eea eee ee, See AEE Sil Sperry, Plmer Ass 2-222 2 =- Seems oem 24 
small-area methods- --------------- 870 Sphere, armillary, description and origin 
off and on, definedia A Boi0r. ti uel 2 938 Ofe) “as cc ess = heeed ae) seerol =p 4 
in polar-regions=-=—<_ =.=. e Sglg 04S 631 celestial, defined_~__" - =— === 2nel>Pses 351, 916 
published in Notice to Mariners___----- 99 center of, defined 2_> -a253': 222etee=- 1029 
Sonic Soundings (H.O. Pub. No. 606—b)- 96 defined’) 22 es SUSI tel oiler? aah 1029 
tidal effects upon-_------------------ 267 description and properties -------- 1029-1030 
units of various nations_-_.---------- 999 oblique, parallel, and right____------ 367-368 
wppersair, «defined == ULE Ol Sone 952 sight reduction by-22-==------s828=-= 565 
1se,0f,,1n, piloting = __ \°2/ Mesias oe Ss 257-258 undevelopable property of_----------- 69 
(See also Depth, Echo sounder, Lead, (See also Navigational triangle, Spher- 
Sounding machine) ical triangle) 

Sounding book, for hydrographic survey-. 859 “‘Sphereman Cratt Positioner”, of Train- 

Sounding lead, defined ----------------- 947 ing Device Center (USN) ------------ 565 

Sounding line, defined____---_---------- 947 Spherical coordinates, defined_---------- 1031 
in hydrographic survey_-.------------ 859 Spherical excess, of survey triangle-. _---- 857 

Sounding machine, buoy sounder----- --- 27. Spherical sailing, defined - ----.-------+- 948 
Srsinys et eee 947 Spherical triangle, biquadrantal, defined__ 1039 
deseription-of--=--<=_--=------.-=-15 132 definedind teased 32: panssavanyue 393, 948, 1029 
early types 01 Sosa Gre. Seer ss RLS 27 oblique, solutions for_____------------ 1040 
of William Thomson (Lord Kelvin) - --- 28 quadrantal, definition and solution of__ 1039 
OEIC Ot ae Oe, PEI UTE DUE 27 BOlUtiON Ofmee lees > eee. 1039-1040 
Rel acting-~-225c2=see se eee 27 Lagrangetormulas= = 95>, ----=.--- == 558 
(See also Echo sounding) triquadrantal, definition and solutions_- 1039 

Sounding wire, defined_---------------- 947 (See also Navigational triangle) 

SoutheAtlantic current._...-_-- 222244 722 Spherical Triangle Nomogram, of Wim- 

South equatorial current, in Atlantic Ocean-- 719 peris sos S208st ss oh Be 556-557 
Pel ngian: OCeaibe + senee=an eae se 724 Spherical trigonometry, defined -- ------- 1031 
meParific Oceale= se eeteeee = tees 723  Spheroid(s), for charts of North America-- 62 

Southeast drift current, in Atlantic Ocean. 722 of Clarke (see Clarke, A. R.) 

Southeast. trades=<--¢----2->=+-~-~- 22 798 defined: 12.2 se. 224-2 -82 - 22228 = 948, 1030 

Southeasterlies of antarctic _------------ 799 earth as__------------------------ 357, 427 

Southerland, W. H. H.; azimuth table of. 569 international, dimensions of___------ 357, 957 

Oo Sis oe eae 0 oles ae 582 (See also International nautical mile) 

Southing, defined—_--_-~~-_-----+----- 947 oblate, defined - - --------------- -- 62, 1030 

Space coordinates, defined_------------- 1031 earth as_----..------------------- 35 

Space motion, of celestial bodies--- 353, 366, 370 (See also Earth) 

Lt ee At ein See eer 948 prolate, defined - -~------------------ 1030 


Space navigation---------------------- 
Spacing dividers_--__---------------- 847, 889 
Span, length unit___--------------- yas 26 


Spar buoy, defined ------------------ 264, 948 
Specific gravity of sea water------------ 696 
Specific heat of sea water-__------------- 698 


Specific pulse repetition rate, of loran_. 334, 948 


Bier CFU hee eit = st aE: - 81 809 
of electromagnetic frequencies - - - - - --- 290 
Speed, of advance, defined.__------ 66, 218, 948 


conversion factors___-------------- 960-961 


of current, finding by table-___-------- 274 
Gurrent effect. upon. —<.-...-----«--+= 218 
en nedst samen a I. SS 66 
inpices ees erie gopiitel boss 629 
of light, conversion factors - - - - ------- 961 
made good, defined _----------------- 218 
for measured mile, table 18_---------- 1270 

explanation of - _- --------------- 1191 


undevelopable property of------------ 69 
Spicules, of ice__-------------+-------- 

of marine sediment --_---------------- 
Spieghel der Zeevaerdt (The Mariner’s Mir- 

ror), of Waghenaer-_----------------- 22 
Spilhaus, Athelstan F. ; bathythermograph 


Otte 2, DOL gis Heat SSE sob aes cts 696 
Spillover, defined =--_------------------- 948 

in loran receiver-indicator - -- --------- 336 

im rAdioecel ver. eee Se. oe 302 
Spin axis of gyroscope (see Gyroscope) 
Spire, chart definition of--------------- 114 
Spitzbergen current-_------------------ 722 
Spline, plastic, for chart construction---- 890 
Splitting of loran signals_------------- 338, 948 
Spot elevations on charts_-------------- 114 
Spring (season) - - - - ------------------- 371 
Spring current------------------------ 714 
Spring range, defined _ - - --------------; 948 
Spring tide__...-------------------- 706, 948 
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Squall.¢.2cc-oftea es J ene’. 802: Star trackers..22.2.2...... doef ees 566 
Sanall line .. 222%. 44q2b te os Hearanen 802 Statie-jn radion. 2seu-ee. wsade~c2- 297, 948 
Square}idefined._ = 1024 Static electricity____._________-._-.-2. 289 
of a number, defined_.____...__ 2-222 1010 Static pressure of water__-_---_-----_-- 128 
Square root of a number_______________ 1012 Station, of survey net, defined__-.______- 854 
Sota... no cn a eee bane 333, 948 Station buoy, defined_____________-__ 266, 948 
Stability, of radio receiver___.._________ 301 not shown on chart._...____.__ Saasee 113 
Stack, chart definition of_...-......_-__. 115 Station error, defined_____ ___ 53 yasa ee 948 
Stadia for distance measurement -__-_____ 842 Station pointer... .2--=2 5. 38a 245, 948 
Stadimeter, defined____________________ 948 Station pressure, defined_______________ 768 
description and use of______________ 125-127 Station signals, survey..._______-..2-___ 854 
Stadium, length unit, origin of__________ 26 Statute mile, conversion factors_________ 958 
Stan@of tide... ict me aie Be 267, 704, 948 conversion to nautical mile, table 20___ 1276 
Standard, definedzs).iviga.e) Jesus leiues 679 explanation Of j424 sees =2 aes 1191 
Standard atmosphere, structure of_______ 794 defined: = eae. oe. ae ee 65, 948 
Standard: ¢ompass-0f sldet-ewesinb..ox 135, 137 origin and length of__________________ 26 
PHNCU 2.2, - Boy mld 2h ct rare HSN 948 Steam fog, defined._........__.____ tees 948 
(See also Compass) “Steam Lanes Across the Atlantic’, of 
Standard deviation. -_ 2.22.22 2. L._ 681 IVER UY ee eee ee Ear errr ere ee 755 
Standard loran (see Loran) Steamer lanes in North Atlantic_______ 755-757 
Standard meridian. _.______. Jowdieh te! 482 (Steering compass....._....-__ssstnes- 135, 948 
Standard parallel, defined______________ 948 (See also Compass) 
(See also Parallel(s)) Steering repeater, defined________..______ 948 
Standard)time._____«alitegeue An ae! 488,948 Stellar (see Star(s)) 
conversion tables for_________________ 269 Stellar parallax, defined________________ 435 
Standing waves. . 0.4 ......0¢ wellsubes 734 Stereographic projection, defined____ 70, 82, 948 
Standpipe, chart definition of..._________ 115 (See also Projection (s)) 
Star(s), altitude corrections for__________ 441 Stoopingiof miragess. as08 - 42226) 0 809 
(See also Sextant altitude correc- Storm, detection of by radar____________ 788 
tion(s)) eye of, defined a4 - 3283-8 nd os 924 
peatures Of... . 20... a LL Iisa aad 365-366 described ss. 52. Sa. ieee 824 
groups of, defined a2025 sein jess 366 mapnetic, defined. 2. =< S.q-teee ee 935 
heliocentric parallax of_____ 352, 365, 435, 930 radio propagation in_-___________ 294, 633 
identification, of=- = _ sayeme. maelibas 965-972 maneuvering to avoid______________ 828-832 
multiplestars._ We sei Blak aid as 366 TACT ln eee. | eee 788, 828 
names of, pronunciations and meanings. 973 Cra CKS Of tere seen oe ee eee 820-823 
navigational... 5 Bo! Maltese 575 (See also Hurricane, Tropical cyclone, 
location oft e_fan TAA ian | her 965-972 Weather) 
NOW BEI eee eo a. 366 Storm and hurricane warnings, informa- 
TAQION oo 4c, a BNA Benes 365 ClonvOn SOULCelO === ee = ee 96 
discoveryvof2;_ 24 tojtiabah leds 39 tadio broadcasts of _ 4.252. —8oue oe 100 
scintillation of Sgasun! nano ee ee hats 575 (See also Navigational warnings, Radio 
shooting, stars: .1eetmal, . ante). 1. 365 broadcasts 
BUDCINO VS. 222 SER Sti. Mae OE ere te 366 Storm tidesdefined 2s 5) 222. 63... 948 
twinkling of... banish ielvnp nes ts 575 describedeeees- 5. 3. 2, ree 832 
variablemyacLt 2 tol Yo aliide a0) /s)h $662 Storm tracks oe 820-823 
(See also Constellation(s), Planet(s)) Storm wave, defined_________________ 833, 948 
Star altitude curves (see Sight reduction, describeds: = 734 
altitude curve metho Straight angle, defined___._____________ 1021 
Star Altitude Curves, of Weems_________ 56,562 Straight line, defined___________________ 1020 
Star catalog, of Brahe......____________ 50 Stranding “defined... kes 948 
Star charts, described__..._.___________ 576-585 Stratocumulus_______________: 4.1 __ 782, 948 
Blap clouds ooo oon ec nse 366 Stratopause:__.....-_ 3, Bek eee 360 
“Star Computer’, of Longley.__________ 562 Stratosphere - 2 Jeo5 ag 360 
Star finder, defined..._.._.... beadlish OAS Sipetie.c... ee eee 782, 949 
Of “Rude... SEEM Old eetiies DSO .Obray line! 222s oe | aa 2 
use Of astrolabeas-___.0... 0. sae | 40 Stream current, defined______________ 718, 949 
Star Finder and Identifier (H.O. 2102-D), Stream tide So ee ee 703 
projectiontion== es: 2.) Seat sats Strength of current, defined__.__________ 949 
UBC Of ne ee Seen a 586-590 Strobe, use of in gee_..._____.._______ 344 
Star globectebedeli 1aicf MM we teingltt 576, 948 Sub 
Star identification, by computation______ 591 -astral 
by oak disgrams 232425. henfialy & 586 -lunar 
by H.0O. Pub. No. 2i4eubatasvienss ce 591 ssatellite ’-ypoint. .. ~ eee 393 
by H.O8 Pubs No.°249... ....sevinsas tt 590 -solar 
by 'H'0.(20022D 94) s43) sperys. ba 586-590 -stellar 
by sky’ diagram! oO Woaonligiab. pad 591 Submarine bell, defined_______________. 949 
by ‘star chart... <4 gee ag 576-585 Submarine navigation.______________ 607-611 
Dee ee een aac aaiar ee Be lormntiod: oe me 
Bee es, Bayer's name__--_--7____ 1 575 submerged, daylight only___________ 607-609 
€ HUMbEr Ss eo. tasee see ee 576 ds niet 
; Yana night, _Setegh nee ew en oe 610 
Flamsteed’s number_________________ 576 itacedaee 607 
Origing Of 72. <2" 2. Rea acres 575 Uhderice___.._... 61 Midas. alias hevepa 762 
Systems fore. 2. ee ee 575 Submarine oscillator, defined____________ 949 
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Submarine sound signal, defined _-_--_--_- 949 Sun’s way, defined_---.-.-------------- 356 
Subordinate station. 2 lS Se 949 Super high frequency, defined_----__--_- 949 
current prediction for_--------------- 273 Superintendent of Documents, publica- 
tide prediction for---._.. 269, 711 tions*sold by! aaa Es = 94, 1002-1004 
Subsurface current, defined_____-_--__-_- 718 Superior conjunction, defined _--___- ‘ 375 
Subtense bar for distance measurement.. 842 Superior mirage_________-_--------- 19. ttitgag 
Subtraction, of algebraic expressions-__._ 1018 Superior planets_.._200 2027-2222 Loe! 357 
arithmetic and algebraic________-_.-_- fod, Supernova 2-2) eg gS 
of numbers, explained__.------------- 1008 Super-refraction, of radio waves_..__---._ 292 
Subtrahend, defined______------------- 1008 Supersaturation, of air-_._--.--.------_- 778 
Sum of numbers, defined___-.-_-------- 1008, Supplement, defined. _----_-.-/2-_—- 949, 1021 
aine de ie ofelncisco™- ee 32 Supplementary angles, defined__________ "1021 
RETIEE (SCASOM) ee ee pee en ae aif 
Summer solstice, defined - - ----------- 371, 949 gO ey eee sets chamcies th deinen otind- oe 
SUmMMer tines scssar ess ee ee 482, 488 sound of, as sign of land_________-_--- 661 
Sumner, Thomas H------ SERS HEE PORE 453 Surf zone 732 
A New and Accurate Method of Finding rene he ee tee ee 738 
a Ship’s Position at Sea by Projection Sietheeadicined’ cst sce eene pee 1020 


on Mercator’s Chart of__._--_-------- 55 


Sumner method, defined_-_---_---------- 

determination of line of position by--- 56, 547 

Sun, altitude corrections for_-_-_-__-_----- 439 
(See also Sextant altitude correction(s)) 


ADDALENU ea ae eee ener ae 74, 495 
Getined See ener n eee rs 911 
PIR CKSUAY Se Olen eer ee ee ae 812 
curve of magnetic azimuth of------- 197-199 
GIS TICCCT TOL ee eee te ee ee See 955 
PIRCANCEIOL mere er nea sao ea oe ee 955 
PEAWING LWALEY Seen aa en 812 
eclipse phenomena----------------- 379-381 
FEAL Les Olaee eee ee we ne ae 356 
TCO TINTS Meee nen ee 811 
TERE SIS DS hee eye ee eI In = 955 
CRT ee ee 495 
peebasis: fOr timessss]= — so 374 
Metned | ee ene ta 374, 935 
aa) aa 110 Seren ee ee wer 368 
TO ee ee an 811 
POUONS Ola ee =e ee ee nn 356 
occultation of planet_---------------- 375 
rising and setting of, almanac time of-- 473 
in polar regions==——-----__--—- 639-640 


rotation of, Galileo’on====----------- 50 
semidiameter of, by almanac-_-_-------- 


solar prominences- - ----------------- 380 
speed of, relative to center of galaxy--- 366 
relative to neighboring stars_ ----.- -- 955 
transit’ of by planet-22-2—-= = --------- 375 
Sumicomi pass see 626 
for land navigation] =-==-"----------- 667 
SUNT CTORS See eee ee om nn oem om 811 
SUC Oe eee etn 811 
Sum pillars. => <2<s--cn---'-------- 75 811 
Sun spots----.----------------------- 356 
Sunlight, duration of, in polar regions_-- - 639 
Sunrise and sunset, almanac time of - - --- 473 
in polar regions- - ----.---------- 639-640 
computational formulas- ------------- 642 
longitude determination by ----------- 660 
mbMOVINg Crate se a een a ~~ = 478 
in polar regions- ------------------ 639-642 
tables of, in tide tables__------------- 269 
of U. S. Naval Observatory --------- 269 
MOL LOlUIs eee ee ee a 1057 


Sun’s True Bearing or Azimuth Table, of 
Davis-and Daviseo) +) --- =e ----- 


Surface tension of sea water_--__--------- 698 
Survey, bathymetric, procedure for------ 865 
beach,~nrocequre tor 226 o22 2.225 864 
checking chart accuracy, procedure for. 865 
current:observations...-____----.-= 844, 860 
electronic controlinas eee eas 858 
exploratory, procedure for___------- 862-863 
geodetic, defined___-.---_----------- 926 


geodetic control__--_---------- 848, 850-857 
3 


baserlinetiorsea ea ee ae) ee 85 
defined aes Rae eee _Belee sae 854 
directions--¢ A224 eeee ee tte ee 852 
eccentric point, use of___----------- 856 
observations, by astrolabe---------- 850 
astronomical... 0 .<..22--2 96-5 850 
by direction theodolite__-_-_----- 851 
highyatittidel 2 > = eesee ae 852 
OTIZINT OL eee Se en ee ee 850 
records, Of. =%.-- =sens es 2 eee 856 
spherical'excesse so ase eet = 857 
station signals, types of _----------- 854 
trAv.chse sete ee nee ee ae See 854 
triangulation sss eee eee eee 854 
trilateration.2 22 sn se Se ee ee 854 
geomagnetic, institution of__--------- 31 
unit of measurement in-_----------- 161 
inydrographic, .denneds-=-—--=—=4-—= 848, 930 

(See also Hydrographic survey) 

hydrographic control, defined - - ------- 854 
inaccuracies of old__--------------+--- 104 
AML eam eee tesa ees aa 862-866 
Originvol: MIS Sehs Se een = ae oa 850 
planning for_--------------------- 848-849 
running, procedure for- -------------- 864 
tide gage tOle. 2° ---- - Se eee eee 843 
timing equipment for- --------------- 839 
traverse [Orso ----- SoBe eases 854 
use of horizontal angles in_----------- 245 
Surveying, defined_----_---------------- 848 
Surveying sextant, defined__------------ 949 
Surveyor’s level__--------------------- 842 
Surveyor’s transit_ -_------------------ 840 
Sweat, Genned. 9. ace eee a te 778 


Sweep, of cathode ray tube-.---------- 302, 949 


Sweeping, defined - - ------------------- 949 
Swell, appearance of, as sign of land_---- 660 
defincdstatiet ties eee J 228 SS 2 727, 949 
direction of, defined_-------------- 922, 949 
ground swell, defined -- - - ------------ 928 
efrectror upon ships=e. == eee —s—oss— 731 
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Swinging the are____________________ 402,949 Téboas de Alturas, of Braga..__________ 57, 530 
Swinging ship, defined_________________ 949 Tabuas de Altura e Azimute, of Fontoura 
PLOCEGUTCM OF = = 3p ce a EP sey a 194 da Costa and Penteado_-_-__-_________ 539 
g (See also apie adjustment) pence Bigsias es, of Reinhold________ a 
wir! error; ‘defined 2.24.2 3403 een 949 abular iceberg tes 9. as 8 
Sylphon cell of aneroid barometer_______ 766 Tabulated altitude, defined_____________ 949 
Symbols, of celestial bodies_____________ 906 Tacan, air navigation system___________ 674 
general SPe Seer OF os ae 903-907 Tachometer, speed measurement by -_-___ 131 
LE iaar eae. os eae eae ae Te 906, ee tetrad log, linet ee SR Are? 208 949 
miscellaneous! 2.225 Sa Foe op eehteect 9 escription and use of________________ 127 
on nautical charts2_22_ 22-828 5. WS7e908, Tailioficenet es. ti in a 364 
(See also Chart symbol (s)) Talus, continental (insular)___________ 601, 700 
for navigational positions_____________ 906 Tangent, to circle, defined______________ 1025 
Pe of, . chart construction____.____ 894-895 common, defined________.___________ 1025 
ZOdia cal Senseo. tempi ee 68> = MP PP: 906 GONG NE oa iar nt 1032 
Symonds, W. P.; azimuth tables of...-.. 571 Tangent arc___.____._._............... 811 
Synodical month of moon__-__--______- 362 Tangent screw of sextant__.._________ 0, 949 
ay ucdicel AN gh a and rotation, defined_ p58 Tank (gas, oil, water), chart definition of. 115 
yHOpticicharts ees ese ee 816,949 Tape, distance measuring-______________ 842 
Synoptic observations__._-______________ 790 Tape gage, tide measuring______________ 844 
Systematic error, defined_______________ 949 Target, radar, defined__._______________ 942 
discussed en 32 See ee eo sees 679-680 Tavole H (I. I. $113), of Italian Navy 
Systems of Maritime Buoyage and Beacon- Hydrographic Institute_______-_____ - 537 
age Adopted by Various Countries Tavole nautiche e Tavole det Semisenoversi, 
(Special Pub. NG: 38), of Tntermagonal nf a wa atinieValoc Acne Lae oe 
Hydrographic Bureau_-_-_______ 976-977, 100 aylor, A. Hoyt; development of radar__ 
Mapes Tehuantepecer Be Jes are ee otrretee ae 807 
AA fined = 445.5455 4 ee 949 
Table(s), critical, defined_______________ 919 eregra ph’ buoy, de 
deviation, Gefined Sesser ee 921 Telemeter, defined ee PES Gh MAT Pilaas Rs ae > 949 
explanations of__________________ 1185-1196 Telespere, fe of.-------------__- Hoe 
Table d’angles horaires, of Hommey-_.--___ 524 Gn pte a ee 
Table des Azimuts du Soleil, of Labrosse.. 569 ee ete of sextant___----______ ae 
Table du Cadran Solaire Azimutal, of Temperature, absolute, defined. 2217” 775-776 
CCANTC cee oa = Sr oe a eae 569 Y aie Peers = a 
Table 902, Azimuts; French azimuth table. 572 °F ,atmosphere, altitude correction for, B 
Tables du Point Auziliare, of Souillagouet_ 54; “ “explana ation of Sc ae on 
533, | Ot ee | ir Ona 
Tables for Calculating Altitude and Azimuth measurement Of-——— 83 oe 775 
4 Celestial Bodies, of Yonemura________ 530 ere het a Qi 775, 916 
Tables for Facilitating Sumner’s Method at deh igrade, detined- ----..-------.- 775, 916 
Sea, of Thomson (Kelvin)_____________ 524 ee ROint Ges! Daw pa RETOSEM FS Sie S 775 
Tables for Finding Azimuth at Sea, of oF bd aide ee ew point) 
Shortredes 1... o'r sams sees cobs 569 creek of upon He Be peed s— = 423 
Tales for Sea and Air Navigation, Hughes’; Fahr SEch ne S6254 === 9a pep ei 
Oly OM TC Saran Sa Seite wy gee Woe 536 Leas ailin 3 waa a See ’ 
Tables Graphiques d’Azimut, of Constan_.__ 572 ee ee es as ee 776, 932 
Tables of Azimuth of the Sun, of Zhdanko__ 571 SOSGTSEOREDE one te eas 794 
Tables of Computed Altitude and Azimuth Reniinenien e ppannttir Thr givstss-baae 776 
(H.D. 486), of British Admiralty_______ 540 apres Aesnadt 2 ee 776, 943 
Tables of Computed Altitude and Azi- f aumur, defined ----__-_____-_.__ 775, 948 
muth (H.O. Pub. No. 214)..____ 57,98, 540 Of sea water__________- o7--y-2--5--- 695 
complete solution by_...._._...____ 507-510 sea-air difference correction, defined___ 945 
Ad solution. «=== 220222 .22TTTTITT 505-506, discussed... --~------ -2-r 2-2 seme 
Ad and At solution. ______________.__ 506 © Soe sehen ali Ooe aS Tass 
Ad, At, and AL solution______________ 506 conversion Of _ << tara tae 776 
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